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1.  INTRODUCTION 


The  work  described  here  was  performed  by  Ford  Motor  Company, 

Research  Staff  In  the  period  January  1975  to  March  1976.  The  principal 
Investigator  was  H.  Holloway  and  other  contributors  were  M.  D.  Hurley, 

E.  B.  Schermer  and  K.  F.  Yeung.  The  contract  was  monitored  by  R.  E.  Callender 


of  NVL. 


The  studies  that  are  described  were  aimed  at  reduction  of  the 


capacitance  of  IV-VI  semiconductor  photodiodes,  with  particular  emphasis  upon 
3-5  jar  devices  that  are  suitable  for  lightweight  thermal  Imaging  systems. 

The  starting  point  was  the  thin-film  Pb  barrier  IV-VI  photodiodes  that  were 
discovered  and  developed  by  Ford  Research  Staff.  The  essential  references 


*  A  IIC 

to  this  previous  work  and  to  new  experimental  det*H{  are  given  In  Section  2 
of  the  report.  Section  3  goes  on  to  a  brief  analysis  of  the  influence  of 


capacitance  on  the  bandwidth  of  IV-VI  photodiodc/prcamplifier  combinations 
and  describes  an  approach  that  has  led  to  two  novel  photodiode  concepts. 

The  new  devices,  which  we  have  named  the  plnched-off  photodiode  and  the 
lateral-collection  photodiode,  are  described  in  detail  in  Sections  A  and  5, 
respectively.  Section  6  summarizes  the  results  and  draws  conclusions  about 
the  preferred  course  for  further  worJf. 


2.  EXPERIMENTAL 


The  techniques  for  thln-film  growth  and  for  diode  fabrication 

generally  followed  those  that  are  described  in  our  previous  reports. 

P-type  layers  of  PbTe  and  PbScQ  gTeQ  2  were  grown  epitaxially  at  1-2  ym/hr 

on  -  leaved  BaFj  substrates  at  300-425  C  in  vacuuoi.  The  binary  components, 

PbTe  and  PbSe,  were  evaporated  at  700-725°C  from  graphite  effusion  cells, 

with  use  of  an  isothermal  double  cell^  for  the  alloy  PbSeA  „Te 

0.8  0.2 

Secondary  sources  of  Pb  and  of  Se  were  used  in  an  unsuccessful  attempt  to 
grow  PbSeQ  8TeQ  2  layers  with  p  <  1017c*"3.  The  rationale  for  these 
experiments  Is  given  In  Section  4  and  the  experiments  are  described  In 
Appendix  II. 

Photodiodes  were  made  as  previously (2,3)  using  vacuum-deposited 
Pb  films  to  fonr  barriers  and  sputtered  Pt  films  for  ohmic  contacts. 

The  diode  areas  were  delineated  by  opening  windows  in  a  vacuum-deposited 
Insulating  film  of  BaFj  following  the  technique  of  Asch  et  «1.^^  This 
method  required  some  modifications  for  the  lateral-collection  devices 
and  these  details  are  described  In  Section  5. 

Measurement  techniques  followed  our  previous  work  with  the 
exception  of  capacltsnce,  resistance,  and  responsivity  mapping.  The  C-V 
and  R-V  characteristics  were  obtained  simultaneously  using  the  lockln 
technique  that  Is  shown  schematically  In  Fig.  1.  Responsivity  mapping  was 
performed  with  a  flying-spot  scanner*  (Fig.  2).  The  resolution  obtained 
was  15  pm,  which  Is  within  a  factor  of  two  of  the  estimated  diffraction 
limit  for  our  system. 

*  " 

We  are  much  Indebted  to  R.  E.  Callender  and  D.  Kaplan  of  NVL,  both  for 
their  advice  on  the  design  of  scanners  and  for  providing  us  with  numerous 
scans  from  their  system  before  ours  was  built.  Figures  11,  74,  and  78  of 
th<s  report  were  provided  by  NVL. 
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3.  JUNCTION  CAPACITANCE 


The  relatively  large  static  dielectric  constants  of  the  IV-VI 
semiconductors  tend  to  give  inconveniently  large  p-n  junction 
capacitances.  For  illustration,  we  may  consider  the  one-sided  abrupt 
junction,  whose  dynamic  capacitance  is  given  by 


C  i 


4 

A 


» 


(1) 


“here  A  ■  Junction  area, 

■  acceptor  concentration  (for  an  n  p  junction), 
q  ■  electron  charge, 
c  ■  permittivity, 

V  ■  applied  voltage  (positive  for  backblas), 

^bi"  built-in  voltage  (' E  /q  for  the  canes  of  Interest). 

O 

Taking  typical  values  for  a  PbTe  diode  at  zero  bias, 

Na  -  1017cm"\ 

c  ■  400  c  , 
o 


Vbl-  0.22V, 

we  obtain 

C/A  %  1  wFcm"2, 


which  is  about  a  factor  of  five  larger  than  for  a  similar  InSb  photo¬ 
diode  that  is  suitable  for  the  same  3-5  pm  atmospheric  window. 

The  influence  of  junction  capacitance  on  the  useful  bandwidth 
of  a  photodiode/preamplifier  combination  may  be  obtained  from  the  equivalent 
circuit  shown  in  Fig.  3.  The  following  simplifying  assumptions  are  made: 

(i)  the  preamplifier  input  capacitance  ia  negligible 

(ii)  the  preamplifier  current  and  voltsge  noises  are  independent 
of  frequency  and  they  have  negligible  effect  at  low 
frequencies 


Fig. 
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(iii)  the  detector  hag  negligible  1/f  noise  (this  is  usually 
true  for  IV-V1  photodiodes  provided  that  they  are 
appropriately  biased). 

This  leads  to  a  frequency-dependent  detectivity 


where 


D*(f) 


- US _ 

Ex  [4kT/p  ♦  ^q^nQg  +  (2s/f 2o^Vj^A]*  ’ 


(2) 


p  ■  RA,  the  junction  resistance-area  product 
0  “  C/A,  the  junction  capacitance  per  unit  area 

n  ■  quantum  efficiency 
E^  ■  photon  energy 
T  ■  operating  temperature 
QB  -  background  photon  flux 

VN  “  Preamplifier  voltage  noise  in  unit  bandwidth 
A  ■  diode  area 
f  ■  operating  frequency. 

At  low  frequencies  this  reduces  to  the  usual  D  expression 


D* - ns - — 

°  Ex[4kT/p  +  2qZnQBP 


and  at  high  frequencies  it  gives 


»:<*>  ■ 

Ex*2TffoVNA^ 

The  IdB  point  for  the  rolloff  of  D  (f)  is  then  given  by  the  frequency  at  which 
D.(f)  "  V  Soae  typical  results  are  shown  in  Fig.  4.  Here  we  consider 
2  mil-square  photodiodes  with  5  pm  and  12  pm  cutoffs  and  with  low-frequency 


Fig.  4.  Frequency  dependences  of  Che  detectivities  of  detector/preamplifier 
combinations.  The  low-frequency  detectivities  (Dg)  were  chosen  as 
representative  of  typical  IV-VI  detector  arrays.  The  3db  point  for 
other  values  of  Dg  nay  be  obtained  by  extrapolating  the  frequency- 
dependent  detectivities  (D*(f))  to  the  n»?w  value  of  D*. 
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detectivitles  of  1.3  x  10^  and  2.0  x  10^  cmHz'Hf  respectively.  We  have 

_2 

assumed  junction  capacitances  of  1  uFc*  ,  reflection-loss-limited  quantum 
efficiencies  of  0.5,  and  a  typical  FLT  voltage  noise  of  4nVHz-,S. 

The  most  striking  feature  of  Fig.  4  is  the  increased  severity  of 
the  bandwidth  limitation  when  the  cutoff  is  changed  from  12  pm  to  5  pm.  In 
the  example  chosen,  the  3dB  point  shifts  from  2  MHz  to  0.1  MHz.  The 
numerical  results  change  somewhat  with  different  input  assumptions,  but  the 
distinction  between  the  two  spectrul  regions  remains.  This  indicates  that 
attempts  to  reduce  the  Junction  capacitance  of  IV'-VI  photodiodes  are 
especially  Important  for  3-5  pm  imaging  systems. 

One  approach  to  low  capacitance  is  via  reduction  of  the  dopant 
concentration.  From  Eq.  (1)  it  can  be  seen  that  the  capacitance  is  propor- 
lonal  to  the  square  root  of  the  dopant  concentration  so  that  an  order  of 
magnitude  Increase  in  bandwidth  will  require  two  orders  of  magnitude  decrease 
in  dopant  concentration.  Essentially  this  method  has  been  demonstrated  for 
10.6  pm  (Pb,Sn)Te  detectors  by  Andrews  et  al.  who  used  liquid-phase 

epitaxy  to  obtain  graded  junctions  with  average  dopant  concentrations  of 

14  15  -3  •> 

10  -  10  cm  .  At  1.5  V  backblas,  diodes  with  area  1.7  x  10*cn>  (n,  5  mil 

square)  had  capacitances  as  small  os  7pF,  corresponding  to  0.04  pFcm 

However,  these  low-capacitance  devices  had  quantum  efficiencies  of  only 

5  -  10Z,  which  is  less  than  the  reflection-loss  limit  by  a  factor  of  5  -  10. 

For  thermal  Imaging  applications  it  is  also  likely  that  the  occurrence  of  excess 


This  assumes  a  one-sided  abrupt  junction.  The  form  of  Eq.  (1)  is  changed 
for  other  types  of  Junction,  but  the  argument  about  the  required  magnitude 
for  dopant  concentration  reduction  is  not  much  affected. 

**These  detectivities  have  been  chosen  as  typical  of  those  reported  for  IV-VI 
photodiodes  at  80K  and  180°  P0V  and  the  value  for  the  12  pm  cutoff  device 
assumes  a  significant  Johnson  noise  contribution.  The  3dB  points  for  other 
values  of  D*  may  be  obtained  by  extrapolating  D*(f)  to  the  new  values  of  D*. 
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(l/f)  noise  will  Halt  the  usable  backblas  to  some  value  less  than  1.5  V, 
so  that  the  appropriate  capacitance  of  these  devices  nay  be  closer  to  their 
zero-bias  value  of  about  0.16  pFca”2. 

In  selecting  approaches  to  low-capacitance  IV-VI  photodiodes  for 
3-5  pa  thermal  imaging  applications  we  sought  an  alternative  to  the  low-dopant 
concentration  method,  which  appears  to  have  two  disadvantages: 

(I)  The  necessary  substantial  reduction  in  the  dopant  concen¬ 
tration  requires  the  development  of  growth  techniques  that 
would  be  expected  to  be  different  for  each  IV-VI  semicon¬ 
ductor.  Thus,  results  obtained  with  one  material  such 

as  PbTe,  would  require  significant  further  materials  effort 
to  permit  their  transfer  to  another  semiconductor,  such  as 
Pb(Se,Te)  or  (Pb.Sn)Se. 

(II)  As  so  far  demonstrated  with  (Pb,Sn)Te,  the  attainment  of  small 
capacitance  has  required  an  unacceptable  sacrifice  of  quantum 
efficiency  and  hence  of  detectivity  (by  a  factor  of  2-3  in 
the  background  limit  and  of  5-10  for  Johnson-noise-llmlted 
devices).  Thus,  It  would  be  necessary  to  greatly  Improve 
upon  the  quantum  efficiency  that  has  been  previously  obtained 
with  such  10.6  urn  devices. 

The  alternative  approaches  to  low  capacitance  that  we  have  chosen 
are  based  upon  the  concept  that  the  capacitance  of  a  photodiode  may  be 
’•educed  by  reducing  the  p-n  junction  area  to  some  fraction  of  the  detector 
active  area.  In  broad  terms,  this  somewhat  resembles  the  Idea  of  concentrating 
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the  Incident  photons  by  use  of  an  Immersion  lens,*  The  difference  ie  that 
here  ve  arc  concerned  with  concentration  of  the  photogencrated  Minority 
carriers  after  the  photons  have  been  absorbed.  This  concept  gives  two 
branches,  both  of  which  lead  to  radical  departures  froa  conventional 
photodiode  geometry. 

The  first  branch  leads  to  a  device  that  we  have  named  the  pinched- 
off  photodiode.  The  Idea  Is  shown  in  Fig.  5a.  A  thln-fllo  photodiode  is 
configured  to  have  Its  depletion  region  extend  from  an  n+  region  right  through 
the  semiconductor  to  an  Insulating  substrate.  Thus,  the  boundary  between  the 
depletion  and  p  regions  la  confined  to  the  periphery  of  the  detector  and  the 
dynamic  capacitance  Is  reduced  to  that  associated  with  the  peripheral 
Junction  area.  Photogeneration  occurs  within  the  depletion,  region  and  the 
holes  are  collected  at  the  periphery  of  the  Junction. 

The  second  branch  leads  to  another  new  device  that  we  have  named  the 
lateral-collection  photodiode.  This  Is  Illustrated  in  Fig.  5b.  Here  the  n 
region  of  a  conventional  photodiode  is  replaced  by  a  matrix  of  small  n  regions 
that  give  a  smaller  total  Junction  capacitance.  With  appropriate  choice  of 
dimensions,  photogenerated  minority  carriers  diffuse  laterally  to  the  small 
p-n  Junction  collectors  with  only  a  minor  decrease  In  the  overall  quantum 
efficiency. 

The  pinched-off  and  lateral-collection  photodiodes  are  sufficiently 
different  that  they  are  treated  separately  In  Sections  4  and  5,  respectively, 
of  this  report.  A  comparison  of  the  two  approaches  Is  given  In  Section  6 
together  wlvh  some  recommendations  for  further  development. 

*  In  an  elegant  variation  of  the  Immersion  lens  technique,  Andrews  et  al. ^ 
have  obtained  light  concentration  of  an  order  of  magnitude  by  using 
total  internal  reflection  from  the  sides  of  a  tapered  PbTe  mesa  that  was 
terminated  by  a  PbTe/(Pb,Sn)Te  heterojunction. 


p 

V. - 5 _ ) 

depletion 

P 

substrate 

-  a  - 

.  depl.  1 

C  B  1 — 

-  depl. 

CJLJ  | - 

depl  | 

P 

substrate 


-b- 


Flg.  5  Schematic  diagrams  of  low-capacitance  photodiodes,  (a)  The 

pinched-off  photodiode,  (b)  The  lateral-collection  photodiode. 


4.  THE  PINCHED-OFF  PHOTODIODE 


4.1  General  Considerations 

The  concept  of  the  pinched-off  photodiode  Is  Illustrated  In  Fig.  5a, 
which  shows  a  thln-film  n  -p  photodiode  that  1b  configured  to  have  a  depletion 
region  that  extends  from  the  n+  region  through  the  thickness  of  the  semi¬ 
conducting  film  to  an  Insulating  substrate.  With  change  of  bias  the  deple¬ 
tion  region  Is  able  to  change  its  volume  only  around  the  periphery.  Thus, 
the  change  In  the  volume  of  the  depletion  region  and,  hence,  In  the  stored 
charge  is  greatly  reduced  from  that  for  a  conventional  photodiode.  Since 
operationally  we  are  concerned  with  a  dynamic  capacitance 


C  = 


3V  ’ 


it  follows  that  the  arrangement  shown  will  yield  a  reduction  of  the  Junction 
capacitance. 

For  further  discussion  we  consider  PbTe  photodiodes  at  80K  and 
use  the  one-sided  abrupt  junction  approximation,  which  gives  a  depletion 
layer  width 


depl. 


2e(V  +  Vbi} 


V 


For  plnchoff  we  require  that 


VJ  i 

depl. 


>  d  , 


where  d  Is  the  film  thickness.  Under  reasonable  biases  the  depletion  layer 
width  will  be  comparable  to  the  optical  absorption  length  so  that  the  quantum 
efficiency  of  the  pinched-off  photodiode  will  be  andulated  by  Interference. 


Selecting  the  position  of  the  longest-wavelength  quantum  efficiency  maximum 
to  be  5.0  pm,  we  require  that  the  layer  should  be  approximately* **  an  odd 
number  of  quarter  waves  thick  for  5.0  pa  radiation.  Figure  6  shows  the 
calculated  ref lectlon-loss-limlted  (RLL)  quantum  efficiencies  for  such 
devices  with  thicknesses  from  one  quarter  to  seven  quarter  waves.  The 
corresponding  voltages  for  plnchoff  are  given  in  Table  1.  Here  we  have 
assumed  a  typical  acceptor  concentration  of  1017cm"\  The  calculations  have 
been  made  using  both  the  300K  static  dielectric  constant  with  a  value  of 
400  and  also  a  value  of  800  to  give  an  Idea  of  the  possible  Influence  of 
the  reported  paraelectrlc  behavior  of  PbTe/8,9^ 


*  For  all  practical  purposes  the  PbTe/Pb  Interface  behaves  as  a  perfect 
reflector.  However,  the  phase  shift  of  the  reflected  wave  Is  not  quite  w 
and  this  gives  a  slight  displacement  of  the  quantum  efficiency  maxima. 

**  Details  of  these  calculations  are  given  In  Appendix  I. 


2  3  4  5 

*  X  (pm) 


Fig.  6  Calculated  RLL  quantum  efficiencies  for  PbTe  with  p  -  lO^cm”^  at  80K. 
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Table  1.  PINCHOFF  VOLTAGES  FOR  PbTe  TH1N-FILM  DIODES 
Calculated  for  -  1017cb‘}  and  d  -  (m  odd)  for  5  pn  radiation 
Poaltlve  voltagea  correspond  to  backbias. 


V  pinchoff  (V) 


d  (y») 


0.185 

0.555 

0.933 


-  400  c 

o 

-0.14 

0.48 

1.75 


800  c 


-0.18 


0.13 


0.76 


1.33 


3.78 


1.78 


Inspection  of  Table  1  shows  that  the  quarter-wave  structure 
should  be  pinched  off  at  zero  bias  and  that  thicker  devices  should  require 
backblas  operation.  Generally,  zero  bias  operation  Is  to  be  preferred 
because  other  conditions  usually  give  unacceptable  1/f  noise. *2, 3’ 10*  However, 
the  lack  of  experience  with  very  thin  (<  0.2  pa)  PbTe  devices  gave 
uncertainties  both  about  the  perfection  of  quarter-wave  layers  and  about  the 
quality  of  p-n  Junctions  within  then.  This  led  to  two  approaches 

(i)  Use  of  a  quarter-wave  structure.  Provided  that  the  diode 
quality  and  stability  were  adequate,  this  would  require 
only  about  a  25X  reduction  in  the  peak  RLL  quantum  efficiencies 
from  those  of  thicker  devices  (Fig.  6). 

(li)  Use  of  a  three-quarter  wave  structure.  Previous  work^ 

had  demonstrated  the  RLL  quantum  efficiency,  stability,  and 
zero-bias  performance  of  such  devices  in  PbTe  and  PbSe_  flTeA 

0»  o  0*2 

Success  in  this  approach  would  depend  critically  upon  reduction 
of  the  usual  bias-dependent  1/f  noise  to  avoid  a  sacrifice  in 
detectivity.  Devices  that  are  thicker  than  three-quarter  wave 
were  rejected  because  they  would  accentuate  the  1/f  noise 
problem  without  giving  any  obvious  advantages. 

Having  evaluated  the  RLL  quantum  efficiency  there  remains  to  be 
considered  the  collection  efficiency  for  carriers  that  are  generated  within 
the  depletion  region  of  the  structure  In  Fig.  5a.  Here  there  is  not  yet  an 
adequate  theoretical  analysis.  However,  early  experimental  results  indicated 
that  collection  efficiencies  near  unitv  are  attainable.  Figure  7a  shows  the 
C-V  characteristic  of  a  typical  three-quarter  wave  PbTe  device  at  80K.  In 
backblas  there  is  a  marked  decrease  of  the  capacitance  as  the  diode  pinches 
off.  Figure  7b  shows  a  pair  of  I-V  characteristics  from  the  same  specimen; 
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one  trace  was  obtained  with  the  diode  cold  shielded  and  the  other  was  taken 
with  the  diode  exposed  to  the  300K  background.  The  vertical  displacement  of 
the  lower  curve  gives  the  background  current  and  it  is  evident  that 
this  does  not  change  significantly  ns  the  diode  is  backbiased  to  bevond 
pinchoff.  Thus,  the  collection  efficiency  is  not  decreased  by  the  pinchott. 
4.2  Quarter-Wave  Structures  in  PJ>Te 

Our  initial  experiments  with  PbTc  at  80K  confirmed  the  predictions 
that  quarter-wave  photodiodes  were  already  pinchcd-off  at  zero  bias  and  that 
RLL  quantum  efficiencies  were  attainable.  Some  success  was  also  obtained 
with  low-capacitance  operation  of  PbTe  at  170K,  although  with  increase  of 
the  temperature  from  80K  there  was  a  tendency  for  the  completely  pinched-off 
condition  to  move  somewhat  into  backbias. 

In  the  course  of  these  studies  we  found  that  the  quarter-wave 
devices  had  poor  thermal  stability,  with  loss  of  current  response  after 
moderate  baking  at  150°C.  This  effect  was  troublesome  experimentally  be- 

(2  3) 

cause,  as  in  our  previous  work'  *  ,  the  PbTe  devices  required  some  baking 

before  they  would  exhibit  RLL  photocurrents  and  normal  I-V  characteristics. 

The  degradation  also  appears  to  be  practically  significant,  because  stability 

at  temperatures  in  the  range  100-150°C  is  desirable  for  reduction  of  the 

outgassing  in  vacuum- packaged  devices. 

•  *» 

The  remainder  of  this  section  is  devoted  to  the  experimental  re¬ 
sults  with  quarter-wave  structures.  In  some  cases  the  conclusions  drawn 
are  tentative  because  the  thermal  instability  of  these  devices  prompted  us 
to  move  on  to  the  three-quarter-wave  structures  (described  in  Section  4.3) 
rather  than  attempt  a  more  detailed  study  of  the  quarter-wave  structures. 
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A.  2.1  Fabrication 

Generally,  five  element  arrays  of  9  mil-square  photodiodes 

(Hg.  8)  were  made  with  techniques  that  followed  those  described  in  previous 
(1-4) 

reports.  The  process  steps  were: 

(i)  Growth  of  PbTe  on  BaFj  in  vacuum. 

(ii)  Photoresist  delineation  and  etching  of  the  PbTe  using  5X 
by  volume  of  Br^  in  HBr. 

(ill)  Photoresist  delineation  and  deposition  of  Pt  ohmic 

contacts  by  rf  sputtering  followed  by  acetone  stripping 
of  the  resist  to  delineate  the  Pt. 

(iv)  Vacuum  deposition  of  an  insulating  layer  of  BaF^  with 
delineation  as  in  Step  (lii). 

(v)  Deposition  of  Pb  through  a  close-spaced  metal  mask. 

The  resist  used  was  Shipley  A7.-1350J  and  Steps  (iii)  and  (iv)  were  basically 
those  developed  by  Aeronutronic-Ford  for  Pb(Se.Te)  arrays. ^  One  significant 
difference  was  that  extra  precautions  were  taken  in  washing  the  specimens 
after  photoresist  development.  This  modification  is  particularly  relevant 
to  the  three-quarter-wave  structures  and  its  description  and  discussion  are 
deferred  to  Section  4.3. 

The  deposition  of  the  Pb  barrier  layer  was  made  using  a  close¬ 
spaced  metal  mask,  rather  than  with  photolithographic  delineation,  in  order 
to  reduce  the  number  of  process  steps  during  which  the  PbTe  surface  might 
become  contaminated.  For  the  present  devices  the  large  diode  to  diode 

spacing  (30  mil)  permits  such  a  simple  approach.  However,  this  technique 

-3  2 

did  lead  to  a  relatively  large  pad  area  (2-4  x  10  cm  ),  which  with 
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Fig.  8  Layout  for  9  ail-square  diodes. 
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ty »ical  BaF  thicknesses  (0.3  -  0.6  ym)  gave  pad  capacitunces  of  20-80  pF. 
These  pad  capacitances  are  small  by  comparison  with  the  500-1000  pF  Junction 
capacitance  of  a  conventional  9-mil  square  photodiode,  but  they  become 
dominant  in  the  pinched-off  mode. 

As  will  be  seen,  full  exploitation  of  the  pinched-off  photodiode 
tequircs  reduction  of  the  pad  capacitance  and  this  implies  the  ubc  of 
photolithographic  techniques  for  Pb  delineation.  This  extension  was  not 
undertaken  in  the  present  study.  However,  for  studies  of  the  Junction 
capacitance  some  improvement  in  the  ratio  of  pad  to  junction  capacitance 
vs  obtained  by  using  large  diodes.  This  approach  is  described  in  Section 
4.3. 

4.2.2  Quantum  Efficiencies  and  Thermal  Degradation 

Our  initial  experiments  were  with  PbTe  layers  whose  thicknesses 
(0.25  i  0.03  ym)  were  somewhat  larger  than  the  optimum.  Consequently,  the 
quantum  efficiency  near  X  ■  5  ym  was  about  half  of  the  optimum  that  was 
calculated  for  a  quarter-wave  structure.  However,  the  spectral  quantum 
efficiency  was  in  fair  agreement  with  the  calculated  RLL  (Fig. 14)  implying 
near  unity  collection  efficiency  for  the  9  mil  pinched-off  photodiodes. 
Reduction  ot  the  PbTe  layer  thickness  to  about  0.15  ym  gave  the  anticipated 
improvement  In  the  quantum  efficiency  near  X  -  5  ym,  again  in  agreement  with 
the  calculated  R!,l  (Fig.  16). 

M  till 8  stage  we  observed  that  the  quarter-wave  structures  were 
thermally  unstable.  As  in  our  previous  studies,  the  diodes  as-made  had 
small  photocurrent.s  and  tunnel-like  I-V  characteristics.  The  cause  of 
these  anomalies  has  not  been  established,  but  we  suspect  that  they  arise 
from  contamination  of  the  PbTe  surface,  possibly  by  a  thin  layer  of  oxide. 
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We  had  previously  found  that  moderate  baking  (typically  150°C  for  10-20  min) 
led  to  normal  1-V  characteristics  and  RLL  photocurrents.  This  removal  of 
the  anomalies  could  arise  from  gettcrlng  of  a  surface  oxide  by  the  Pb 
barrier  metal.  In  the  case  of  the  quarter-wave  photodiodes  the  increase 
of  photocurrent  with  baking  was  followed  by  a  rapid  decrease  of  photocurrent 
that  made  difficult  the  establishment  of  an  optimum  heat  treatment.  Some 
typical  examples  of  the  changes  In  the  response  to  the  300K  background  with 
baking  are  shown  in  Fig.  9.* 

The  observed  thermal  degradation  of  the  photocurrent  led  to  the 
suspicion  that  we  might  be  diffusing  the  n-region  of  the  diode  through  to 
the  BaF^  substrate.  This  appears  to  be  confirmed  by  spot  scanning  of  an 
array  of  quarter-wave  devices  which  showed  that  after  degradation  the 
response  was  confined  to  the  peripheries  of  the  9-mll  square  diodes 
(Fig.  11).  It  is  wortli  noting  that  the  Interface  regions  of  epitaxial 
structures  are  frequently  less  perfect  than  most  of  the  epitaxial  layer 
thickness.  Thus,  the  very  thin  PbTe  layers  might  give  abnormally  rapid 
diffusion  of  Pb.  The  variability  in  the  rate  of  degradation  that  is  shown 
In  Fig.  9  could  then  be  a  consequence  of  variable  perfection  at  the  Pble/BaF2 
interface. 

4.2.3  Noise 

Many  of  the  quarter-wave  devices  showed  significant  1/f  noise  at 

zero  bias  and  frequencies  up  to  5kllz.  Such  excess  noise  Is  occasionally 

found  In  conventional  IV-VI  thln-film  Pb  barrier  devices  and  there  it  appears 

to  be  associated  with  the  quality  of  the  Pt  ohmic  contact.  The  relatively 

soaII  number  of  quarter-wave  devices  that  were  studied  does  not  permit  us  to 

*  The  peak  values  of  the  background  current  vary  widely  from  specimen  to 
specimen.  However,  this  variation  mostly  arises  from  the  very  rapid 
variation  of  RLL  background  current  with  specimen  thickness.  For  the 
quarter-wave  devices,  even  the  uncertainty  of  ±0.03  ym  in  the  measured 
thickness  corresponds  to  a  large  change  in  the  background  current.  The 
calculated  dependence  of  the  300K  background  current  upon  layer  thickness 
is  given  in  Fig.  10. 
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decide  whether  or  not  1/f  noise  is  more  of  a  problem  with  the  quarter-wave 
structures  than  with  thicker  devices. 

4.2.4  Capacitance 


A  typical  C-V  characteristic  for  a  quarter-wave  PbTe  device  at 
80K  is  shown  in  Fig.  12.  Pinchoff  occurs,  as  expected,  in  forward  bias  and 
the  capacitance  through  zero  bias  into  backbias  is  saall  and  dominated  by 
t.je  Pb  pad.  Thus  9  ail-square  pinched-off  photodiodes  typically  exhibited 
pad  capacitances  of  20-80  pF,  rather  than  the  500-1000  pF  expected  for 
conventional  devices.  At  higher  teaperatures  pinchoff  occurs  over  a 
wider  teaperature  range,  with  the  result  that  at  200K  backbias  is  needed 
for  reduction  of  the  capacitance  to  the  pad  value.  This  behavior  is  shown 
in  Fig.  13.  However,  at  170K  the  zero  bias  capacitances  were  still  signifi¬ 
cantly  less  than  those  of  conventional  devices,  with  typical  values  in  the 
range  100-200  pF. 

4.2.5  Detectivity 


The  detectivities  of  the  quarter-wave  structures  were  generally 
aaaller  than  had  been  achieved  with  conventional  devices,  partly  because 
of  1/f  noise  (for  f  <  5kHz)  and  partly  because  of  the  theraal  degradation 
that  is  discussed  in  Section  4.2.2.  The  largest  detectivities  that  were 
obtained  were  8  x  1010  caHzSr1  at  5.0  pa  and  80K  and  1.2  x  1010  cmHz1* 
at  4.1  \m  and  170K.  Thia  should  be  coapared  with  values  of  1.5  x  1011  and 
6  x  1010  cbHz'Hj  1,  respectively,  for  good  conventional  thin-fila  PbTe 
devices. (2) 


From  the  observation  of  some  specimens  with  RLI.  quantum  efficiencies 
and  others  with  little  1/f  noise  at  zero  bias,  it  seeas  likely  that  further 
work  would  yield  quarter-wave  devices  with  detectivities  that  are  closer  to 
those  of  good  conventional  devices.  This  approach  was  not  pursued  because 
of  the  theraal  instability  that  Is  discussed  in  Section  4.2.2. 


Fig.  11  Spot  scan  of  a  thermally-degraded  array  of  X/4  PbTe  devices 
(EW493B-9) .  (This  scan  was  supplied  by  NVL.) 
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4.2,6  Measu reoents  of  Qua r t e r-Wave  Devices 

The  specifiers  that  are  described  here  illustrate  the  features  that 
have  been  discussed  in  the  preceding  Sections. 
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Table  2  -  EW485-3 


This  array  was  made  from  PbTe  with  thickness  0.25  ±  0.03  pm.  This 
gave  a  spectral  response  with  nonoptimum  shape,  but,  as  shown  In  Fig.  14,  the 
quantum  efficiency  was  close  to  the  RLL.  Two  out  of  the  five  diodes  gave 
noise  that  agreed  well  with  that  calculated  from  the  background  current. 
Measurements  were  made  at  80K  and  990  Hz  with  10  Hz  bandwidth  at  zero  bias. 

A  o 

The  diode  areas  were  5.24  x  10  cm  .  Figure  15  shows  the  spectral  detectivity. 


Diode 

‘ 

a 

b 

c 

d 

e 

Zero-bias  Capacitance  (pF] 

37 

37 

35 

32 

24 

300K  Background  Current 

[PAJ 

0.51 

0.54 

0.54 

0.53 

0.54 

Calc.  Background  Noise 

lPA  ] 

1.3 

1.3 

1.3 

1.3 

1.3 

(500K)  [AW~ 1  ] 

0.25 

0.275 

0.25 

0.25 

0.24 

n(4.7  pm) 

0.35 

0.38 

0.35 

0.35 

0.33 

Noise  (pA  ] 

D*(500K)  (cmH*VA) 
D*(5.0  pm)  [cmHzV1] 

1.2 

1.5  x  1010 
8.2  x  1010 

1.25 

1.5  x  1010 
8.2  x  1010 

6.2 

2.9  x  109 
1.6  x  1010 

1.7 

1.1  x  1010 

5.8  x  1010 

14* 

1.2  x  109 

6.3  x  109 

*  This  specimen  initially  shoved  a  much  smaller  noise  of  1.8  pA. 


X(Mm) 


Fig.  14  EW485-3*.  Spectral  quantum  efficiency  at  80K.  The  curve  ia  the 

calculated  RLL. 
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Table  3  -  EW494B-7 


This  array  was  made  from  PbTe  with  thickness  0.16  i  0.03  yo  to 
give  a  more  usefully  shaped  spectral  response  than  the  preceding  example. 

The  spectral  quantum  efficiency  is  near  the  RLL  and  is  shewn  in  Fig.  16. 

I  he  diode  areas  were  6.00  x  10  cm  and  measurements  were  made  at  80K 
with  10  Hz  bandwidth.  Detailed  measurements  were  made  with  four  diodes, 
the  filth  exhibited  a  smaller  current  response.  This  specimen  showed  sig¬ 
nificant  1/f  noise  for  f  <  5  kHz.  At  170K  the  pinchoff  moved  into  backbias 
with  consequent  Increase  of  the  zero  bias  capacitance  from  37  pF  and  24  pF 
to  620  pF  and  660  pF  for  diodes  a  and  c,  respectively.  The  frequency 
dependences  of  the  current  noise  and  the  detectivity  are  shown  in  Figs.  17,18. 


Diode 

a 

b 

c 

d 

Zero  bias  Capacitance 

(PF) 

37 

42 

24 

29 

Background  Current 

(HA] 

1.03 

1.01 

1.01 

0.76 

Calc.  Background  Noise 

IpA  ] 

1.82 

1.80 

1.80 

1.56 

£j(500K)  (AW"1] 

at  90  Hz 

0.44 

0.44 

0.46 

330  Hz 

0.45 

0.45 

0.44 

0.35 

990  Hz 

0.45 

0.46 

0.47 

D*(4.6  ym)  (cmHzSr*) 

at  90  Hz 

1.6  x 

1010 

1.9  x  1010 

1.6  x  1010 

330  Hz 

3.5  x 

1010 

3.5  x  1010 

3.0  x  1010 

990  Hz 

6. 3  x 

1010 

6.5  x  1010 

4.7  x  1010 

5000  Hz 

1. 1  x 

10U 

1.0  x  1011 

8.6  x  1010 

EW494B-7.  Frequency  dependence  of  the 
The  curve  is  the  calculated  background 
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Table  4  -  FV493I-9 


tils  npc<  ln.en  exhibited  the  thena.il  degradation  of  current  respot  ae 


f  t  .*  <  isrussed  in  Section  4.2.2.  There  was  also  significant  1/f  noise  at 

g  1  .  The  Inver  thickness  was  9. IS  i  0.0)  pa  giving  a  spectral  response  like 

|  th..t  of  the  preceding  example.  However,  the  combination  of  1/f  noise  with  small 

<|udiitua  Hf|«  icncy  gave  small  detei  t  ivit ies.  The  diode  areas  were  4.39  x  lO^cm2 
(i«  i  pra  x  ’\k  um)  and  the  measurements  were  made  at  zero  bias  with  10  llz  band- 
■  width.  The  spectral  detectivity  is  shown  in  Fig.  19. 

J  Diode 

a 

b 

c 

d 

e 

|  T  -  80Kf  f  -  5  kHz 

Zero  bias  Resistance  [ohm] 

3.0  x 

107 

7.7  x 

106 

1.1  x  107 

2.3  x  107 

2.0  x 

107 

|  RoA  [oho  co^] 

1.3  x 

1G4 

3.4  x 

103 

4.8  x  103 

1.0  x  104 

8.8  x 

103 

Zero  bias  Capacitance  [pF] 

35 

44 

46 

46 

43 

|  Background  Current  [pA] 

0.083 

0.092 

0.087 

0.116 

0.157 

*  Calc.  Background  Noise  [pA] 

0.53 

0.54 

0.53 

0.61 

0.71 

1  ^(500K)  [AW_1] 

0.070 

0.083 

0.076 

0.114 

0.150 

n(4.1  pm) 

1 

0.140 

0.166 

0.152 

0.227 

0.299 

1 

Noise  [pA] 

D*(4.1  pa)  [emllzAi  ^  ] 

0.85 

3.6  x 

1010 

0.82 

4.4  x 

1010 

0.76 

4.4  x  1010 

0.81 

6.2  x  1010 

0.87 

7 . 5  x 

1010 

|  T  -  17GK,  f  *  490  Hz 

Zero  bins  Resistance  [ohm] 

2 

-  R  A  (ohm  cm  ] 

1  o 

6100 

6060 

6060 

4880 

5260 

2.7 

2.7 

2.7 

2.1 

2.3 

(  Zero  bias  Capacitance  [pF] 

67 

91 

91 

73 

86 

Background  Current  [pA] 

0.035 

0.038 

0.041 

0.068 

0.079 

^  Calc.  Total  Noise  [pA] 

3.9 

4.0 

4.0 

4.4 

4.3 

\  &(500K)  [AW-1] 

0.060 

0.060 

0.064 

0.105 

0.112 

n(3.9  pm) 

0.208 

0.209 

0.223 

0.363 

0.388 

Noise  [pA] 

D*(4. 1  pm)  [cnHzS/-1] 

5.9 

7. 5  x 

109 

5.8 

7.6  x 

109 

6.2 

7.6  x  109 

6.5 

1.2  x  1010 

6.7 

1.2  x 

1010 

(CmHz^W'1) 


Fig.  19  EW493B-9e.  Spectral  D*  at  80K  (5  kHz)  and  at  170K  (990  Hz) 
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Table  5^  EM  500-  2 

ils  spec  If*  had  close  to  RLL  quantum  efficiency.  There  was  some  1/f  noise 

■  ^,r,  ‘  1  r  z *  T,,e  dl°d«  areas  «cre  5.90  x  10"4cm2  and  the  bandwidth  was 

t/  Hoi  irmrt  w  .•  made  at  80K.  Fig.  20  shiws  the  spectral  detectivity,  Figs.  21,22 

‘  1  '  '  nu,‘  ,r‘  in,,c>  dependence  of  the  noise,  and  Fig.  23  shows  the  bias  dependence 

“  <  the  cap, i  I  mu', 


Diode 

a 

b 

c 

d 

e 

7ero  bias  Resistance  (<  Urn) 

7.46  x  106 

7.52  x  106 

7.04  x  106 

6.90  x  106 

R  A  [ohm  ce*'1'  1 
o 

4.4  x  103 

4.4  x  103 

4.2  r.  106 

4.1  x  106 

Zero  bias  Capacltam  «  U>F J 

96 

96 

96 

96 

Background  Current  |uA] 

0.357 

0.357 

0.393 

0.393 

0.200 

Calc.  B.n  kgrouivl  Noise  |j>A ) 

1.07 

1.07 

1.12 

1.12 

0.80 

&j(500K)  (AW~ 1  J 

0.295 

0.290 

0.316 

0.312 

1(4.8  u®) 

0.48 

0.48 

0.52 

0.51 

0* (4 . 9  M®)  at  Zoio  bias  (cmHz\f1  x  IQ10] 

f  •  ?0  Hz 

2.6 

2.7 

2.3 

2.5 

3u  Hz 

2.9 

3.1 

3.0 

2.8 

4  *  Hz 

3.5 

3.4 

3.5 

3.3 

9'  Hz 

4.5 

5.0 

4.4 

4.2 

3 10  Hz 

7.7 

7.0 

7.7 

7.7 

99i>  Hz 

10 

10 

10 

10 

2000  Hz 

11 

11 

11 

11 

5000  Hz 

13 

13 

14 

13 

D*(4.9  urn)  at  990  H  [cmHzSf 

1 

H- 

X 

o 

o 

backblas  «  0  V 

| 

10.0 

9.4 

9.7 

9.1 

0.1  V 

9.4 

9.4 

9.1 

9.4 

0.2  V 

9.1 

9.7 

4.5 

4.9 

0.3  V 

8.6 

9.1 

0.4  V 

7.3 

6.9 

*This  was  independent  of  backblas  in  the  range  0-300  »V. 


Spectral  D*  at  80K  and  5  kHz 
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Fig.  21  EW500-2.  Bias  dependence  of  the 


noise  at  80K  (Af  -  10  Hz) 
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Fi8»  23  EW500-2.  Bias  dependence  of  the  capacitance. 
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4.1  Thru -Quarter-Wave  Structures  in  PbTe 

4.3.1  Fabrication 

In  general,  fabrication  methods  followed  those  previously 

( 2"^*) 

reported  and  outlined  in  Section  4.2.1.  However,  significant  modifica¬ 

tions  were  made  to  the  techniques  for  cleaning  the  semiconductor  surface 
after  photolithographic  delineation.  These  changes  were  made  in  response  to 
the  thought  that  the  surfaces  might  be  contaminated  by  alkali  ions  from  the 
developer  used  for  the  Shipley  AZ-1350J  resist.  Consequently,  we  undertook 
thorough  washing  of  the  specimens  after  each  resist  development.  The  wash¬ 
ing  consisted  of  a  5-10  second  rinse  with  running  deionized  water  followed 
by  about  five  minutes  of  washing  under  the  condensate  from  a  double  still  made 
from  vitreous  silica.  The  input  to  the  double  still  was  water  that  had 
previously  been  deionized  and  then  distilled  in  a  tin-lined  still. 

While  the  results  of  the  modified  process  do  not  provide  confirmation 
of  the  guess  that  led  to  the  washing  procedure,  they  did  lead  to  striking 
improvements  in  the  thermal  stability  of  the  diodes  and  in  their  noise 

characteristics  under  reverse  bias.  These  results  are  discussed  in  Sections 
4.3.2,  4.3.J,  and  4.4. 

4.3.2  Thermal  Stability 

Previously,  attempts  to  outgas  vacuum-bottled  thln-film  PbSe  Te 

0.8  0.2 

photo-  lode  arrays  have  led  to  thermal  degradation  of  the  zero  bias  resistances, 
with  consequent  loss  of  detectivity.  In  contrast,  PbTe  diodes  that  were 
made  using  the  improved  washing  technique  showed  excellent  stability  at 
temperatures  up  to  150°C.  Figure  24  shows  the  R-V  characteristic  of  a  9  mil 
PbTe  photodiode  at  different  stages  of  baking  up  to  eight  hours  at  100°C. 


RESISTANCE  (OHM) 


Fig.  24 


R-V  characteristic  of 
successive  heat  treati 


a  9  ail  PbTe  device  (EV473-5e)  at  80K  after 
lenta  at  150°C. 
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It  will  be  noted  that  the  forward  characteristic  remains  constant  within  our 
experimental  uncertainty.  With  baking  the  resistance  in  backbias  tends  to 
increase,  suggesting  that  surface  leakage  is  being  reduced.  The  demonstrated 
thermal  stability  of  these  devices  appears  to  be  adequate  for  hard  vacuum 
pa'  kaging  without  loss  of  performance.  Subsequent  measurements  showed 
stability  of  the  three-quarter-wave  structures  with  baking  up  to  five  hours 
at  150°C. 

A . 3 . 3 .  Keverscd-Bias  Noise 

Most  IV-VI  photodiodes  seem  to  exhibit  1/f  noise  when  they  are 

operated  at  nonzero  biases.  This  effect  has  been  observed  with  both  bulk- 

crystal  ’  '  *  and  thln-filra  devices.  Extensive  measurements  of  thin-film 

(3) 

(PbSn)Se  photodiodes  showed  that  the  excess  noise  was  proportional 
to  the  bias  and  independent  of  its  sign.  For  thin-film  8-12  pm  devices  there 
is  a  significant  IR  drop  from  the  300K  background  current  flowing  through  the 
scries  resistance.  In  such  cases  it  was  observed  that  the  optimum  bias  was 
shifted  >«ck  from  zero  by  an  amount  that  approximated  the  IR  drop.  Thus, 
minimum  noise  was  obtained  when  there  was  zero  bias  across  the  depletion 
rep  ion  rather  than  across  the  external  connections.  This  strongly  suggests 
that  the  excess  noise  arises  from  surface  leakage  across  the  depletion  region. 
The  zero-bias  resistance  of  IV-VI  photodiodes  is  frequently  dominated  by  a 
temperature-independent  leakage  at  low  enough  temperatures  and  the  connection 
bctw.un  i Ik  ie  phenomena  appears  to  be  confirmed  by  the  reported*11*  fabrication 
of  (Pb,Sn) le/PbTe  heterojunctions  that  exhibit  marked  reduction  of  both  the 
leakage  and  the  backbias  noise.* 


*  The  process  used  to  effect  this  improvement  was  not  disclosed. 


■v 
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PbTe  photodiodes  that  were  cleaned  after  photoresist  development 
showed  marked  reductions  in  the  1/f  noise  that  accompanies  backbias  operation. 
At  80K,  the  reduction  was  usually  sufficient  to  permit  pinched-off  operation 
of  three-quarter-wave  photodiodes  without  loss  of  detectivity  at  frequencies 
os  low  as  1  kHz.  The  amount  of  1/f  noise  remained  somewhat  variable,  even 
with  diodes  within  a  single  array  and  an  example  of  this  variability  is  shown 
in  Fig.  25.  Figure  26  shows  the  extreme  case  of  a  PbTe  device  whose  1/f  noise 

at  80K  and  990  Hz  remained  smaller  than  the  300K  background  noise  at  backbias 
up  to  0.5V. 

With  increase  of  the  operating  temperature,  the  range  of  usable 
backbias  decreased  and  at  170K  and  1  kHz  the  excess  noise  became  significant 

at  backblases  of  50  mV  or  less.  Figure  27  shows  an  example  of  this  behavior. 
4.3.4  Capacitance 

As  predicted  the  three-quarter-wave  PbTe  photodiodes  gave  pinchoff 
in  backbias  at  80K.  A  typical  C-V  characteristic  of  such  a  device  is  shown  in 
Fig.  28.  Pinchoff  was  associated  with  a  rapid  decrease  of  capacitance  with 
increased  backbias  and  the  transition  to  the  low-capacitance  regime  occurred 
over  a  bias  range  of  about  0.1  V.  The  transition  region  may  arise  from  the  IR 
drop  associated  with  the  300K  background  current  that  flows  through  the  thin 
p-layer  under  the  depletion  region  at  backblases  slightly  less  than  that 
required  for  pinchoff.  Under  these  conditions  the  periphery  of  the  diode  will 
have  a  larger  backbias  than  the  center  and  pinchoff  will  occur  first  around 
the  edges  of  the  diode.  Further  backbias  would  then  increase  the  fraction 
of  the  diode  that  is  pinched  off.  Qualitatively,  this  resembles  the  behavior 
of  a  JFET,  but  we  do  not  have  a  quantitative  model  for  this  transitional 


NOISE  CURRENT  (pA) 


BACKBIAS  (V) 


Fig.  26  BUs  dependent  noise  (Af  -  10  Hr)  of  a  28  mil  3A/4  PbTe  device 
(EW508-4c)  at  80K.  The  circles  and  triangles  show  measurements 
at  990  Hz  and  5  kHz,  respectively.  The  line  shows  the  calculated 
background  noise. 


Fig.  28  C-V  characteristic  of  a  9  ail,  3A/4  PbTe  device  (EW473-5)  at  80K. 
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behavior  in  the  pinched-off  photodiode.  Moreover,  detailed  comparison 
with  the  predicted  pinchoff  voltage  is  not  yet  possible  because  of  the 
i  u c'tninties  in  the  influence  of  atmospheric  oxygen  upon  the  measured 

ncieptor  com entration  and  in  the  static  dielectric  constant  of  PbTe  at  low 
temperatures. 

"  n  baking  at  150  C  the  C-V  characteristics  of  the  three-quarter- 

w.ive  devices  did  change  somewhat,  with  the  pinched-off  condition  moving  to 

smaller  backbiases.  The  phenomenon  does  not  appear  to  be  due  to  the  junction 

diffusion  that  was  postulated  for  the  quarter-wave  diodes,  because  we  have 

observed  an  eventual  stabilization  of  the  C-V  characteristic.  An  example  of 

the  .i  effects  is  shown  in  Pig.  29.  A  possible  explanation  is  that  the  Pb 

barrier  getters  out  atmospheric  oxygen  that  has  dissolved  in  the  PbTe  after 
* 

growth.  The  observed  shifts  in  the  pinchoff  would  imply  a  reduction  in  the 

acceptor  concentration  by  about  a  factor  of  four.  Changesof  this  magnitude 

are  consistent  with  our  observation  that  growth  of  1  pm-thick  p-type  PbTe 

layers  gives  about  a  factor  of  three  decrease  in  the  Hall  coefficient  over 

t  mt  obtained  for  3-4  pm-thick  layers  that  are  grown  under  the  same  conditions. 

Figure  28  also  shows  a  common  feature  that  ia  not  yet  understood.  As 

the  bins  is  made  positive  the  capacitance  exhibits  a  decrease  that  is  not 

predicted  by  our  simple  models.  This  "forward-bias  anomaly"  was  also  observed 

(12) 

by  N  il  et  d  in  their  work  on  bulk-crystal  Pb  barrier  1V-VI  lasers.  With 
Increase  of  the  temperature  to  170K  we  have  frequently  observed  that  the  anomaly 
shifts  into  forward  bias.  An  example  of  thia  effect  is  also  shown  in  Fig.  30. 


*  Oxygen-induced  changes  in  the  carrier  concentrations  of  1V-VI  thin  films 
been  widely  observed(l3) .  The  changes  are  consistent  with  an  increase  in  the 
acceptor  concentration. 


CAPACITANCE  (pF) 


Fig.  29 
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As  discussed  In  Section  4.2.4,  the  capacitance  of  the  pinched-off 
9  nil-square  PbTe  devices  was  donlnated  by  the  pad  capacitance  of  20-80  pF. 
rurther  reduction  of  the  capacitance  would  require  developnent  of  structures 
with  smaller  pad  areas.  Such  a  developnent  would  appear  to  be  essential  for 
exploitation  of  pinchoff  with  PbTe  devices  with  smaller  dimensions  that  ore 
more  suited  to  tsodern  systems  applications.  Such  a  developnent  was  not  made 
in  the  present  study.  However,  in  order  to  reduce  the  influence  of  the  pad 
capacitance,  diodes  were  made  with  the  dimensions  shown  in  Fig.  31.  The 
bias-dependent  capacitance  of  such  a  28  mil-square  three-quarter-wave  diode 
is  shown  in  Fig.  32.  In  backbias  the  capacitance  was  reduced  by  approximately 
two  orders  of  magnitude  to  35  pF,  of  which  19  pF  was  estimated  to  be  contributed 
by  the  pad. 

4.3.5  Quantum  F.ff lclcncy 

The  quantum  efficiencies  of  the  three-quarter-wave  PbTe  devices 
were  close  to  the  RLL  at  all  biases  and  no  decrease  of  the  500K  current 
responsivity  was  observed  when  the  devices  were  backbiased  oast  pinchoff. 

These  RLL  quantum  efficiencies  were  observed  with  photodiodes  as  large  as 
28  mil-square.  Examples  of  this  behavior  arc  given  in  Section  4.3.8. 

4.3.6  Detectivity 

The  detectivities  of  three-quarter-wave  PbTe  devices  at  80K  were 

(2) 

typical  of  those  obtained  previously'  with  conventional  thin-filn  devices 
At  180°  field  of  view  we  obtained  D*  ('v  5  pm)  %  1.5  x  10* 1  craHz'V"1  ove'  the 
range  of  biases  for  which  the  1/f  noise  was  negligible.  For  most  such 
devices  the  backbias  limit  for  1  kHz  operation  was  at  looat  0.1  V  and  sometimes 
as  large  as  0.5  V  so  that  the  zero-bias  detectivity  was  maintained  into  the 
pinched-off  region.  Examples  of  this  behavior  are  given  in  Section  4.3.8. 


X/4  diode  at  80K  (EW507-4c). 
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4.3.  7  Measurements  of  Three-Quartcr-Wave  PbTe  Photodiodes 

The  results  that  are  described  here  Illustrate  the  points  that 
arc  made  In  Sections  4.3.3  -  6. 
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Table  6  -  EW473-5e 

This  specimen  was  measured  at  80K  after  baking  at  100°C  for  eight 
hours.  The  chip  had  three  diodes  with  area  •  6.00  x  lCT^cm^  and  similar 
plnchoff  behavior  (Fig.  33).  Only  one  of  the  devices  had  low  noise  In  back- 
blas  tFlg.  34)  and  for  this  detailed  measurements  were  made  (Figs.  35,36). 

At  170K  all  three  diodes  gave  excess  noise  in  backbias  (Fig.  37). 


layer  thickness 

frequency 

bandwidth 

zero  bias  resistance 
background  current 
calculated  noise 


0.62  ♦  0.03  ym 
990  Hz 
10  Hz 

2.8  x  10^  ohm 
1.06  yA 

1.8  pA 


Backbias 

(»V) 

Noise 

IpA] 

D*(5.4  ym) 
(cmHz'nrl  x  1011  ] 

Capacitance 

[pF] 

0 

1.75 

1.7 

692 

25 

1.75 

1.7 

50 

1.75 

1.7 

321 

75 

1.7 

1.7 

100 

1.7 

1.7 

83 

125 

1.65 

1.8 

150 

1.75 

1.7 

73 

175 

1.7 

1.7 

200 

1.8 

1.6 

73 

225 

1.75 

1.7 

250 

1.7 

1.7 

72 

275 

1.8 

1.6 

300 

2.5 

1.2 

72 

325 

3.9 

0.74 

350 

7.5 

0.39 

72 
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W73-5.  Bias  dependent  noise  (Af  -  10  Hz)  at  80K.  The  curve  shows 
e  calculated  background  noise. 


(5.4^m )  [cm  Hz  ^  W*'] 


(500K)  [AW  ] 
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Table  7  -  EW496B-7 

Thl.  specimen  was  measured  after  baking  for  4  hr.  50  Bin.  at  150°C.  The  changes  in  the 
C-V  characteristic  with  bakinfi  are  discussed  in  Section  4.3.4.  The  chip  had  four  diodes 
with  A  *  5.37  x  and  d  *  0.56  i  0.03  ya.  At  80K,  capacitances  of  approx  lea  tely 

HO  PF  were  achieved  with  backbiases  t  150  mV  (Fig.  38).  Two  of  the  four  diodes  attained 
tte  low  capacitance  condition  without  significant  excess  noise  (Fig.  39).  With  increase 
of  the  temperature  the  backbias  required  for  pinchoff  Increased  (Fig.  40).  At  160K  there 
was  considerable  1/f  noise  when  the  diodes  were  backblased  (Fig.  41).  The  spectral  D* 
and  the  bias-dependent  properties  at  80K  are  shown  in  Figs.  42,43. 


Measurements  at  80K,  f  ■  990  Hz,  Af  -  10  Hz. 


Diode 

b 

c 

d 

e 

Zero-bias  resistance 

(oh«) 

5.5  x  106 

1.1  x  107 

Background  current 

luA] 

1.054 

1.022 

0.991 

0.971 

Calc,  background  noise 

(PA) 

1.84 

1.81 

1.78 

1.76 

Current  responslvity 

IAV-1] 

backbias  • 

0  mV 

0.62 

0.62 

0.60 

0.62 

100  bV 

0.62 

0.58 

200  aV 

0.62 

0.6'J 

300  aV 

0.61 

0.58 

400  aV 

0.61 

0.59 

D*  (5.0  v«)  (cbHzST1  x 

1011) 

backbias  ■ 

0  aV 

1.8 

1.8 

1.7 

1.3 

25  mV 

1.8 

1.7 

1.8 

0.61 

50  aV 

1.8 

1.8 

1.8 

0.37 

75  aV 

1.4 

1.8 

1.7 

100  mV 

1.1 

1.7 

1.9 

125  mV 

0.63 

1.8 

1.9 

150  aV 

1.6 

1.9 

175  mV 

1.7 

1.8 

200  aV 

1.5 

1.8 

225  aV 

1.2 

1.9 

250  aV 

1.1 

1.7 

275  mV 

0.62 

1.6 

300  aV 

0.41 

1.1 

325  aV 

0.24 

0.67 

350  mV 

0.38 

Capacitance  [pF] 

backbias  • 

0  mV 

595 

397 

50  aV 

302 

151 

100  aV 

119 

90 

150  mV 

90 

83 

200  aV 

86 

80 

250  mV 

84 

79 

300  aV 

84 

79 

350  mV 

83 

79 

400  aV 

83 

79 

o  DIODE 
X  DiODE 


BACKBIAS 


Fig.  40 
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Table  8  KW496A-J) 

This  specimen  had  five  diodes  with  A  -  5.95  x  10"4cmZ  and  d  -  0.54  t  0.03  pm. 
At  8 OK  and  zero  bias,  all  the  diodes  had  similar  parameters.  In  backbias, 
the  C-V  characteristics  differed  slightly  (Fig.  44)  as  did  the  excess  noise 
(Fig.  45).  Only  one  of  the  di>des  (e)  pinched  off  vichout  degradation  of  the 
D  .  The  properties  of  this  diode  are  given  in  Table  9  and  Figs.  46,47. 

f  *  990  Hz,  Af  ■  10  Hz,  zero  bias 


Diode 

—  — ... 

a 

b 

c 

d 

• 

Zero  bias  resistance  (ohm] 

5.26  x 

107  5.56  x  107 

5.88  x  107 

4.35  x  107 

4.17  x  107 

Background  current  (pA] 

1.083 

1.098 

1.117 

1.063 

1.059 

Calc.  Background  noise  jpA] 

1.86 

1.87 

1.89 

1.84 

1.84 

Noise  (pA) 

1.7 

1.7 

1.8 

1.8 

1.8 

^r(500K)  (AW*1) 

0.57 

0.57 

0.58 

0.56 

0.56 

D*(4.8  pm)  (craHz'V1  x  1011] 

1.8 

1.8 

1.7 

1.6 

1  6 

X 


O  diode  o 
A  diode  b 
X  diode  c 
V  diode  d 
□  diode  e 


_ 7 _ CALCULATED 

So?o6  ■  X  0 


•  I  .2  .3 

BACKBIAS  (VOLT) 


Fig.  45 


kBU“  Jepend,ni  noi*«  -  10  Hr)  at  80K  and  990  Hr 
The  line  ahovs  the  calculated  background  noiee. 
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Table  9  -  EW496A-3e 

This  specimen  was  one  diode  from  the  array  described  In  Table  8.  Figures  46, 47 
show  the  bias-dependent  properties  and  the  spectral  D*. 

1  T  -  8 OK,  f  -  990  Hz,  Af  -  10  Hz 

Background  current  •  1.059  uA,  calc,  background  noise  -  1.84  pA 


4- 


I 


X(/xm) 


I 

I 


Fig.  47  F.W496A-3e.  Spectral  D*  at  80K  and  990  Hr. 
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Table  10  -  FW508-4c 


Thla  van  an  approximately  28  mil-square  device  (A  -  4.97  x  10-3cb2)  nu.de  from 
To  with  d  0.47  ♦  0.03  \m.  The  pad  capacitance  was  estimated  to  be  19  pF. 
Measurements  were  made  at  80K  with  10  Hz  bandwidth.  The  bias-dependent  properties 
and  the  spectral  D*  are  shown  in  Figs.  48,49.  properties 


zero  bias  resistance  -  6.5  x  10^  ohm 

background  current  •  9.52  yA 

calc,  background  noise  -  5.52  pA 


ilnckbias 

(mV) 

Noise  [pA  ] 
at 

&  (500K) 

I**’1) 

D*(4.9  um) 
at  990  Hz 
IcmHe^W"!  x  10^-] 

Capacitance 

IPP] 

1 

990  Hz  5  kHz 

0 

5.0 

6.1 

0.60 

1.9 

2810 

25 

5.0 

6.1 

1.9 

2790 

50 

4.7 

5.5 

2.1 

2500 

75 

5.0 

5.0 

1.9 

2110 

100 

4.9 

5.4 

0.60 

2.0 

1720 

125 

5.4 

4.8 

1.8 

1260 

150 

4.6 

5.1 

2.1 

864 

175 

5.0 

5.0 

1.9 

554 

200 

4.8 

5.7 

0.60 

2.0 

345 

225 

5.0 

5.1 

1.9 

211 

250 

4.9 

5.1 

2.0 

139 

275 

5.0 

5.2 

1.9 

92 

300 

*>.0 

5.3 

0.60 

1.9 

69 

325 

5.0 

5.1 

1.9 

57 

350 

5.0 

5.1 

1.9 

54 

375 

5.1 

5.2 

1.9 

44 

400 

5.1 

5.1 

0.60 

1.9 

41 

425 

5.1 
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Fig.  48  EV508-4c 


Bias  dependent  properties  at  80K  and  990  Hz 
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4.  .  Pirn  IteU-of f  PbSe 


gTe  DcvJtfH 


An  attemot  was  male  to  -  xtend  the  pinched-off  mode  from  PbTc  to 
PbSc0.8r*0.2  t£>  p<r-lt  ful1  us®  ot  the  3-5  pm  atmospheric  window  with  photo¬ 
diodes  that  operate  at  170K.  Such  band-tailoring  has  previously  been  shown 
to  be  effective  with  conventional  thln-fllm  devices/2* 

Pinchoff  was  observed  with  PbSeQ  gTe0  ?  devices  at  80K,  but  the 
cap  icltaocc*  decreas”  occurred  at  backbiases  that  were  large  enough  to  give 
significant  1/f  noise.  This  difference  from  the  behavior  of  PbTe  devices 
appears  to  arise  from  a  combination  of  an  increase  in  the  acceptor  concen- 

t ration  and  a  decrease  in  the  dielectric  constant  when  PbSo_  0Tc„  -  is 

0*  o  0*2 

substituted  for  PbTe.  The  PbSeQ  g  TeQ  that  was  used  had  acceptor  con- 

17  -3 

cent  rat  Ions  of  about  2  x  10  cm  ,  which  was  u  ractor  of  2-3  larger  than  lhat 
of  the  PbTe  layers.  The  300K  values  of  the  static  dielectric  constants  of 
PbTe  and  PbSc  arc  430  and  230,  respectively/14*  The  static  dielectric 
constant  of  PbS«o.8T*0.2  18  unknown,  but  a  linear  interpolation  between  the 
300K  values  of  PbTe  and  PbSe  suggests  a  value  of  around  270.  There  is  the 
further  complication  that  PbTe  appears  to  be  parnolcctri/**’^*  and  its 
low-field  static  dielectric  constant  may  be  as  large  as  800  ut  80K**  Applying 
the  or.e-sidcd  abrupt  Junction  model  to  the  Just  pinched-off  diode,  with  thick¬ 
ness  d  and  pinchoff  voltage  V  ,  we  obtain 

P 

*  Here  we  compare  the  results  of  Hall  measurements  on  layers  that  were 
3-4  pm  thick.  Exposure  to  oxygen  appears  to  give  extra  acceptors  that 
cause  about  a  factor  of  two  decrease  in  the  Hall  coefficient  of  layers 
with  thicknesses  around  1  pty. 

**  Using  tlv*  one-sided  abrupt  Junction  approximation,  we  estimate  that  most 
of  the  depletion  region  in  our  Junctions  has  a  field  less  than  10°Vm”i. 

From  the  observations  of  Bate  et  a/  8*  this  suggests  thot  the  critical 
polarization  is  only  exceeded  near  the  n-region  so  that  the  depletion- 
layer  width  is  dominated  by  the  low-field  (temperature-dependent)  static 
dielectric  constant. 


'  Hfll 
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NAqd2 
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where  V  is  approximately  0.2 2V  and  0.25V  for  t'bTe  and  PbSe  Te 

0.8  0.2’ 

respectively.  We  find  that  the  changes  in  and  e  on  going  from  PbTe 

t0  PbSe0.8Tc0.2  “y  incrca8e  (Vp  +  Vbl)  for  a  given  d  by  a  factor  between 

three  and  nine.  Figure  50  shows  the  corresponding  changes  in  V  that  could 

P 

arise  on  going  from  PbTe  to  PbSeQ  gTe0  2  as  a  result  of  such  changes  in  N 
and  c. 


An  example  of  the  pinchoff  in  a  9  nil-square  PbSe-  QTe.  .  diode 

0. o  0.2 

is  shown  in  Fig.  51.  Here  the  devices  with  thickness  0.18  ±  0.03  pa  arc 
pinched  off  at  80K  with  backblases  greater  than  about  0.6V.  The  required 
backbias  is  striking  when  compared  with  the  forward  bias  pinchoff  of  similar 
quarter-wave  PbTe  diodes.  With  increase  in  the  temperature,  pinchoff  moves 
further  into  backbias  (Fig.  52)  as  with  PbTe  devices. 

The  improved  processing  that  was  described  in  Section  4.3.1  gave 
significant  improvements  in  both  the  thermal  stability  and  the  backbias 
.:oise  ot  1>bbe0  gTc0  2  devices.  Thus,  the  RA  product  at  80K  was  maintained 
after  baking  at  1 50  C  for  periods  of  up  to  four  hours  (Fig.  53).  Also  at  80K, 
low -noise  operation  has  been  demonstrated  with  backblases  of  up  to  0.4  V 
(Fig.  54).  However,  as  with  the  PbTe  devices,  the  backbias  noise  remains 
significant  at  170K  (Fig.  55). 

In  the  course  of  our  investigation  we  did  not  obtain  a  PbSe  Te 

0.8  0.2 

pin  hed-ofi  photodiode  that  permitted  low-noise  operation  at  80K.  The  closest 
approach  was  a  quarter-wave  specimen  that  showed  pinchoff  beyond  the  backbias 

at  which  the  1/f  noise  became  significant.  The  properties  of  this  device 

*  It  is  of  interest  that  this  specimen  did  not  show  significant  degradation 
of  the  current  response  after  baking  at  150°C  for  four  hours.  Thus,  the 
tnermal  instability  that  was  observed  with  quarter-wave  PbTe  devices  may 
not  be  as  severe  with  PbSe-  -Te- 

w#  (J  0  •  2 


1 


50  relationships  hetve.n  plncholl  volt.*..  of  PbT.  „d 


0.8  0.2 


I 


AS  MADE  12  3  4 
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Fig.  53  RqA  of  A/4  Pbs«0>8T«0  ,  davlcas  after  baking  at 


BACKBIAS  (VOLT) 


BUs  dependent  noise  (Al  -  7  Hz)  of  a  0.6  ua-thlck  PbSe 
device  (HK206-5)  at  80K. 
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are  given  In  Table  11  and  Figs.  56,57.  In  principle,  low-noise  pinched-off 

operation  at  8 OK  should  be  obtainable  wit*i  a  reduction  in  the  acceptor 

concentration  in  the  PbSey. g1'*Q  A  useful  reduction  in  the  capacitance 

has  been  obtained  at  0.5V  bickbins  und  low-noise  operation  has  been  obtained 

at  0.4V  hackbias,  although  not  in  the  same  specimen.  This  led  to  a  series 

of  experiments  in  which  subsidiary  sources  of  Pb  and  Se  were  used  in  an 

attempt  to  define  conditions  for  growth  of  PbSe  To  with  t>  <  10A/cm 

0*o  0  •  • 

rather  than  our  usual  p  %  2  :  U  c»a  This  approach  was  unoucwcasful; 
details  are  given  in  Append  i;-  <  i 


1 


t 
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Table  11  -  Properties  of  a  Quarter-Wave  PbSeQ  gTcQ  2  Device  (HK207-2d) 

Ihis  specimen  had  area  ■  5.76  x  10  ^c»^  and  thickness  -  0.18  ♦  0.03  pm. 

The  measurements  were  made  at  80K  after  baking  for  four  hours  at  150°C. 

zero  bias  resistance  -  4.17  x  105  ohra 

background  current  -  1.71  pA 

calc,  background  noise  -  1.96  pA  I 

bandwidth  -  7  Hz 
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4.5  Suscmry  of  Results  for  Plnrhed-ofjf  Photodiodes 

For  PbTe  detectors  that  operate  at  80K,  the  three-quarter-wave 
pinched-off  photodiode  provide*  one  to  two  orders  of  magnitude  reduction 
of  the  capacitance  from  that  of  conventional  photodiodes.  This  capacitance 
reduction  la  obtained  without  anv  sacrifice  in  the  other  detector  p-rameters, 
such  as  detectivity,  quantum  efficiency,  and  cutoff  wavelength.  The  transit- 
time  limitations  upon  the  inherent  speed  of  the  pinchcd-off  devices  have 
yet  to  be  determined,  as  has  the  physics  of  their  collection  mechanism. 
However,  the  result  appears  to  make  possible  a  useful  Increase  of  the  rolloff 
frequency  for  the  detectivity  of  detector/preamplifier  combinations  for  the 
3-5  pm  spectral  region.  The  plnched-off  capacitance  ia  expected  to  scale 
with  the  diode's  periphery,  rather  than  with  its  area,  so  the  magnitude 
of  the  attainable  capacitance  reduction  will  depend  upon  the  diode  size. 

For  typical  diode  dimensions  of  2  mil  x  2  mil  we  project  that  the  Junction 
capacitance  may  be  reduced  to  1  pF.  which  is  more  than  one  order  of  magnitude 
less  than  that  of  a  conventional  PbTe  device. 

The  situation  with  operation  of  pinched-off  3-5  pm  devices  at  170K 
is  less  attractive.  The  three-quarter-wave  devices  require  backbias  for 
pinchoff  and  the  backbias  regime  remains  very  noisy  at  170K,  despite  our 
improvement  of  the  backbias  noise  at  80K.  The  quarter-wave  PbTe  devices 
do  offer  reduced  capacitance  at  170K,  but  their  thermal  instability  makes 
them  unattractive  for  practical  applications.  For  optimum  170K  devices,  one 
would  prefer  band-tailoring  to  extend  the  response  to  X  -  5  pm.  Pinchoff  has 
been  demonstrated  in  quarter-wave  PbSeQ  8TeQ  2  devices,  but  only  at  rather 
large  backblasea.  Pinchcd-off  operation  at  smaller  backbias  appears  to  be 
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possible  via  development  of  techniques  for  growth  of  PbSe  Te  layers 

0*8  0*2 

with  smaller  carrier  concentrations.  This  development,  together  with  the 
demonstrated  reduction  of  excess  noise  in  backblas  would  permit  low-capscitance, 
low-noise  operation  of  quarter-wave  PbSeQ  gTe0  ^  photodiodes  at  80K.  However, 
at  present  the  excess  noise  in  backbias  at  WOK  would  appear  to  make  such 
devices  unattractive  for  thermoelectrically-cooled  operation. 

An  unexpected  apin-off  from  the  studies  of  plnched-off  photodiodes 
i*  the  development  for  both  PbTe  and  PbScQ  8TeQ  2  of  Improved  processing 
techniques  that  permit  bakeout  at  150°C.  The  new  processing  also  permitted 
the  use  of  significant  backblas  at  80K  without  the  intrusion  of  1/f  noise. 
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5.  LATERAL  COLLECTION  PHOTODIODES 

5.1  General  Conslderat Ions 

The  lateral  collection  concept  may  be  understood  by  referring  to 
Fig.  58.  In  58a  we  show  a  section  of  a  conventional  photodiode.  Typically, 
the  Junction  depth  is  smaller  than  the  minority  carrier  diffusion  length 
and  larger  than  the  optical  absorption  length.  Under  these  conditions  most 
of  the  photons  are  generated  on  the  surface  side  of  the  junction,  which  acta 
as  a  nearly  perfect  sink  so  that  the  quantum  efficiency  approaches  the 
reflection  loss  limit.  Figure  58b  shows  a  first  attempt  to  reduce  the  capaci¬ 
tance  by  making  the  junction  area  smaller  than  the  collection  area.  The 
trouble  with  this  configuration  is  that  the  quantum  efficiency  is  reduced 
because  photogenerated  minority  carriers  may  diffuse  into  the  bulk  of  the 
semiconductor  and  recombine  there,  rather  than  diffuse  to  the  Junction  where 
they  can  be  collected.  This  problem  leads  to  the  final  configuration  that 
is  shown  in  Fig.  58c.  Here  a  barrier  is  introduced  to  confine  the  photogen¬ 
erated  minority  carriers  to  a  skin  near  the  surface.  If  this  skin  has  a 
thickness  much  less  than  the  minority  csrrier  diffusion  length  the  minority 
carrier  concentration  will  be  uniform  across  the  akin  and  diffusion  will  only 
occur  laterally  toward  the  collector  junctions. 

In  principle,  the  barrier  may  be  made  in  a  variety  of  ways.  Thus, 
a  potential  barrier  with  height  greater  than  2kT  may  be  achieved  by  increasing 
the  doping  level  of  the  underlying  material  or  by  increasing  its  energy  gap. 

A  simpler  scheme,  adopted  here,  is  to  use  an  epitaxial  layer  of  the  semi¬ 
conductor  on  an  Insulating  substrate. 


Fig.  58  The  lateral  collection  concepts 
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The  scheme  in  Fig.  58c  gives  a  photodiode  in  which  the  area  for 
photon  collection  is  larger  than  the  Junction  area.  In  the  following 
discussion  we  analyze  the  conditions  under  which  this  arrangement  can  give 
reduced  capacitance  without  too  much  loss  of  quantum  efficiency.  As  a 
bonus  we  find  that  the  lateral  collection  arrangement  offers  the  possibility 
of  increases  in  the  Junction  resistance  which  would  increase  the  Johnson- 
nolse-llmited  detectivity  and  hence  the  operating  temperature. 

5 • 1 • 1  Collection  Efficiency  of  an  Array  of  Stripes 

Our  previous  work  with  thln-fllm  photodiodes  has  shown  that  the 
quantum  efficiency  is  limited  only  by  reflection  losses,  i.e.  every  absorbed 
photon  generates  a  minority  carrier  that  is  collected.  In  analyzing  the 
behavior  of  lateral  collection  devices,  with  potentially  Icsb  efficient 
collection,  we  define  a  collection  efficiency,  nc>  in  terms  of  the  overall 
quantum  efficiency,  n,  and  the  reflection-loss-limited  quantum  efficiency, 
nR*  ss  follows 

n  "  Vc  • 

Consider  the  uniform  array  of  stripes  shown  in  Fig.  59a  with  exposure 
to  light  to  give  a  uniform  rate  of  photogenerarion  of  minority  carriers  (G). 

The  diffusion  equation  may  be  simplified  to  one  dimension  by  approximating 
the  real  cross-section  of  Fig.  59b  by  that  of  Fig.  59c  where  the  region  under 
the  n  region  is  assumed  to  have  perfect  collection  (as  with  a  conventional 
thin-film  diode)  while  the  region  from  which  lateral  collection  occurs  is 
fitted  to  the  boundary  condition  of  a  perfect  sink  (zero  excess  minority 
carrier  concentration)  at  the  projection  of  the  n  region  (rr.ther  than  at  the 
boundary  of  the  depletion  region). 

For  the  lateral  collection  region  the  diffusion  equation 


» i  r 

x  *0  w  b 


Fig.  59  Geometry  for  an  array  of  atripe  collectora. 
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72n 


0 


reduces  to  one  dimension  with  the  solution 

" ' “cxp  [*:]  +  e“p[l] +  r 

where  n  1b  the  excess  minority  carrier  concentration, 

L  -  aJUT 

is  the  minority  carrier  diffusion  length,  and 


Is  the  diffusion  coefficient. 
Imposing  the  boundary  conditions 


dn 

dx 


-  0  , 


where  the  coordinates  are  those  of  Fig.  59c,  we  obtain 
2 


CL 

U 


1  _  coeh(B  -  X) 
cosh(B  -  W) 


where 


X  -  x/L  , 
B  -  b/L  , 


W  -  w/L 
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Thc  laterally-collected  carrier  flux  into  unit  length  of  the  collector  Is 


J 


lat 


x  ■  w 


G!.tanh(B  -  U) 


whence,  adding  the  directly  collected  flux  and  dividing  by  the  total  generation 
rate,  we  obtain  the  collection  efficiency 

„  -  «  +  «nh,<B 

nC  B  B 


A  plot  of  this  function  is  given  in  Fig.  60. 

5.1.2  Collect  ion  Kfflclep.cy  of  an  Array  of  Dots 

For  the  array  of  dots  shown  in  Fig.  61a  we  nay  approximate  to  radial 
symmetry  with  the  coordinates  of  Fig.  61b  and  approximate  the  true  coi. figuration 
of  Fig.  61c  by  that  of  Fig.  61d,  with  the  same  simplification  of  boundary 
conditions  as  in  the  stripe  collector  case. 

The  diffusion  equation  is  now 


2 

.  1  in 
dr2  r  dr 


0  , 


with  the  boundary  conditions 


n 


■  w 


0  , 


dn 

dr 


r 


b 


0 


and  the  solution 
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GL2?  V»>V»)  + 

D  C^BJIqCW)  -  11(B)C0(W)  J  * 

where 

B  «  b/L  , 

W  -  w/L  , 

R  ■  r/L  , 

and  1r(x)  and  Gr(x)  are  modified  Bessel  and  Hankel  functions  defined  by 

I  (x)  -  l“nJ  (ix)  , 
n  n 

G  (x)  -  ln+1H<1)(ix). 
n  n 

The  total  photocurrent  into  the  Junction  is 

l  -  Guv2  +  2* w!>j-n 
dr 

w 

where  the  first  term  is  the  contribution  from  the  area  under  the  n  region. 

2 

For  complete  collection  I  +  Cub  #  co 

w2  2W  piWCjOO  -  C1(B)I1(U)’] 

"  B2  +  B  [^r“(B)C0(W)  +  C1(B)l0(W)J  • 

A  plot  of  this  function  is  giver,  in  Fig.  62. 

5.1.3  The  Trade-off  Between  Quantum  Efficiency  and  Capacitance  Reduction 
The  analysis  in  Sections  5.1.1-.2  may  be  used  to  estimate  the 
capacitance  reduction  that  is  attainable  without  too  large  a  sacrifice  in 
quantum  efficiency.  For  the  stripe  collectors  the  junction  capacitance, 
relative  to  that  of  a  conventional  photodiode,  is  W/B  and  plotting  the 


Hg.  62  Collection  efficiency  of  an  array  of  dot  collectors. 
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relative  capacitance  against  the*  relative  quantum  efficiency  we  obtain 

Fig.  63.  Here  the  reduced  half-width  of  the  stripe  (W)  is  taken  as  a 

ammeter.  Similarly,  lor  the  dot  collectors,  the  relative  capacitance  is 
2 

(!*,  B)  (where  U  is  the  reduced  dot  radius),  which  varies  with  the  relative 
quantum  efficiency  as  shown  in  Fig.  64.  Arbitrarily  assuming  that  one  can 
ac  ept  a  10*  decrease  in  quantum  efficiency,  the  relative  capacitance  then 
varies  with  W  as  shown  in  Fig.  6i>. 

For  the  purpose  of  this  estimate  we  assume  that  the  diffusion 
length  (I.)  is  10  pm  and  that  dots  and  stripes  with  widths  of  5  pa  (W  -  0.25) 
an*  practicable.  Sow  Fig.  65  shows  that  the  relative  capacitance  is  about 
0.3  for  stripe  collectors  and  about  0.1  for  dot  collectors,  when  one  accepts 
a  10Z  loss  in  quantum  efficiency.  Delineation  of  ssuller  collectors  would 
yield  smaller  capacitances  for  the  same  quantum  efficiencies. 

5.1.4  Increased  Detectivity  a  Simplified  Model 

At  first  sight  there  would  appear  to  be  little  scop#  for  major 
improvement  of  the  Johnson-nolse-llmlted  detectivity  of  IV-VI  photodiodes 
because,  in  this  case 

D*  «  n(RA)**  , 

where  both  the  quantum  efficiency  (n)  and  the  diode  RA  product  appear  to 
be  approaching  fundamental  limits.  The  quantum  efficiency  is  currently 
limited  by  reflection  losses  (which  may  be  made  small)  and  the  RA  product 
lr.  limited  by  the  lifetime. 

The  fallacy  in  this  argument  is  that  the  lifetime  limitation  is 

upon  R  A  while  the  D*  expression  requires  R.  A .  , ,  where  A  and  A 

J"  Jn  det  ]n  det 


are 


RELATIVE  QUANTUM  EFFICIENCY 


Kg.  6 i  The  capacitance/relative  quantum  efficiency  relationship  for 
array  of  stripe  collectors. 
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thp  arras  of  the  junction  and  the  detector,  respectively.  For  conventional 

ievices  the  distinction  la  trivial  because  the  two  areas  are  approx imately 

equal  However,  for  lateral  collection  devices  the  two  areas  nay  differ 

by  one  or  nore  orders  of  magnitude.  R  A,  .  should  be  capable  of  a 

Jn  det  r 

significant  Increase,  which  nust  be  considered  in  the  light  of  a  simultaneous 
decreasi  In  n* 

The  preceding  analyses  show  that  the  collection  efficiencies  of 

arrays  of  stripes  and  dots  tend  to  decrease  rather  slowly  as  the  collectors 

are  separated.  Since  the  separation  also  leads  to  an  increase  of  R  A  it 

jn  det 

is  intuitively  obvious  that  the  tradeoff  between  these  changes  will  lead 
to  an  optimum  collector  separation  for  a  maximum  value  for  the  Johnson-noisc- 
llnltcd  detectivity.  As  a  first  approximation  we  consider  the  case  where 
RJnAln  **  independent  of  the  Junction  area.  This  gives  a  simple  picture 
that  will  be  subsequently  modified  to  take  account  of  the  more  complicated 
scaling  of  resistance  that  is  to  be  expected  with  real  photodiodes.  The 
distensions  chosen  arc  based  upon  the  assumption  that  L  %  10  pa  for  the  IV-VI 
semiconductors  in  the  temperature  range  that  is  of  interest.  Photolitho¬ 
graphic  processes  are  suitable  for  delineation  of  structures  with  dimensions 
of  the  order  of  l  pa,  so  we  consider  values  for  the  characteristic  collector 
dimension. 


W  -  w/L  -v  0.1 

Figures  66  and  67  show  the  calculated  relative  values  of  the  Johnson- 
nolse-lialtcd  detectivity  as  a  function  ol  collector  spacing  for  the  stripe 
and  dot  collector  arrangements,  respectively.  In  this  approximation,  collectors 
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is-  66  Relative  Johneon-noi.e-li.ited  D*  of  an  array  of  .tripes 


0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0 

B 


Fig.  67  Relative  Johnson-noise-limited  D*  of 


on  array  of  dots. 


with  W  -  0.05  (w  £  0.5  pm)  In  the  stripe  geonctry  give  a  factor  of  three 
improvement  over  the  conventional  device.  With  dot  collectors  a  somewhat 
smaller  collection  efficiency  is  sore  than  offset  by  the  resistance  Increase 
to  give  about  one  order  of  magnitude  increase  in  D*.  In  each  case  the  optimum 
separation  of  the  collectors  is  about  two  diffusion  lengths. 

'*• 1  •  ^  The  Scaling  of  Resistance  with  Junction  Area 

Butler  has  shown  that  the  resistance  of  PbTe  photodiodes  is 
proportional  to  exp  |  Ec/2kT  ]  over  the  temperature  range  (80- 300K)  that  is 
important  for  IR  detector  applications.  This  result  has  been  confirmed  with 
our  measurements  of  thin-film  PbTe  photodiodes  in  the  temperature  range 
80-200K.  Such  behavior  is  interpreted  as  arising  from  a  limitation  of  the 
diode  resistance  by  the  generation  and  recombination  (g-r)  of  electron-hole 
pairs  within  the  depletion  region.  The  details  of  the  model  are  uncertain, 
ihe  standard  analysis  assumes  that  generation  and  recombination  occur  via 
trapping  centers  whose  energy  is  located  at  midgap.  However,  similar  results 
cou  d  be  obtained  with  a  range  of  assumptions  about  the  recombination  center. 
For  the  purpose  of  the  present  analysis  it  is  sufficient  to  note  that  for  a 
plnnnr  Junction  the  Junction  saturation  current  will  be  proportional  to  the 
volume  of  the  depletion  region  so  that  RjfAjn  is  a  constant.  On  going  to 
small  circular  Junctions  RJnAJn  would  be  expected  to  remain  constant  within  a 
fa  tor  ot  the  order  of  2  that  arises  from  the  fact  that  the  depletion  region 
shrinks  to  a  hemisphere,  rather  than  a  disc. 

The  constancy  of  R^A  in  the  g-r  regime  means  that  in  this  case 
the  preceding  analysis  for  D*  increase  (Section  5.1.4)  is  valid.  However, 
deviations  from  this  ideal  behavior  are  to  be  expected  at  higher  temperatures, 
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whete  the  diode  resistance  becomes  diffusion  limited,  and  at  lower  tempera¬ 
tures,  where  the  resistance  may  become  limited  by  surface  leakage. 

With  progressive  increase  of  the  temperature  one  will  eventually 
reach  a  point  where  the  diode  resistance  becomes  limited  by  thermal  genera¬ 
tion  and  diffusion  of  minority  carriers  from  outside  the  junction.  However, 
the  use  of  a  thin  film  leads  to  a  larger  diffusion-limited  resistance  than 
vuould  be  calculated  from  the  Shockley  model. 

Consider  first  a  large-area  diode  in  a  film  with  thickness  b,  as 
shown  in  Fig.  68.  The  diffusion  equation  for  minority  carriers  in  the 
p-region  is 


where,  now,  C  is  the  rate  of  thermal  generation 


If  we  assume  that  the  semiconductor/insulator  interface  does  not  affect 
the  lifetime, 


Under  reverse  bias  the  depletion  layer  acts  ns  a  perfect  sink  and 


0  . 


Whence, 
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The  saturation  current  density  is  now 


When  b/L  is  large,  tanh(b/L)  b/L  and  the  Junction  resistance  is  L/b  tines 

that  calculated  iron  the  Shockley  model. 

For  the  case  when  the  lerge-area  diode  is  replaced  by  an  array  ot 
small-area  diodes  the  saturation  current  is  further  reduced  by  the  collection 
efficiency,  nr,  discussed  in  Sections  5.1. 1-2.  Thus,  the  diode  resistance 

v* 

becomes 

^  q^b  ^Shockley 

Typically,  b  ^  0.5  yn  and  nc  %  0.5  so  that  we  will  get  R  £  *0  Rshockley’ 

At  sufficiently  low  temperatures,  RA  for  most  1V-VI  photodiodes 

(both  thin-film  and  bulk  crystal)  tends  to  saturate  at  values  that  are 

almost  temperature-independent .  In  this  regime  the  resistance-limiting 

mechanism  has  not  been  unequivocably  determined.  However,  the  extreme 

variability  of  the  limiting  values  of  RA,  when  compared  with  the  values  at 

higher  temperatures,  strongly  suggests  that  the  limitation  is  by  surface 

leakage  across  the  depletion  region.  At  77K,  the  RA  of  PbTe  may  attain  g-r 

limited  values  (M.0<4  ohmem2),  but  is  frequently  much  smaller.  Similarly,  with 

Pb  Snn  _Te,  most  specimens  give  RA  5  1  ohmem2,  although  exceptionally 
0*  8  0»  2 

2 

RA  'v  10  ohmem  is  observed. 
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The  existence  of  a  temperature-independent  shunt  resistance  can 
impose  on  upper  limit  upon  the  increase  of  RA  that  is  attainable  with  lateral 
collection  devices.  The  magnitude  of  the  effect  may  be  est looted  by  comparing 
the  limiting  values  of  RA  for  conventional  and  l,C  devices  that  have  the  same 
active  area.  For  a  conventional  square  photodiode  with  side  D  the  resistance 
will  be  given  by 

*  -  oD2  +  4gD  , 

conv. 

where  a,  6  arc  constants  and  the  second  term  represents  the  conductance  due 
to  leakage  around  the  periphery.  In  the  lisiit  of  domination  by  surface 
leakage  this  gives 

(RA)  ,  - 

conv. surf.  46 

For  comparison,  consider  a  lateral  collection  device  that  consists  of  a 
square  array  of  circular  collectors  with  diameter  d,  spacing  b,  and  overall 
dimensions  D  X  D.  In  this  case 

h2 

(DA)  m  P 

;LC,surf.  gird 

Note  that,  while  the  leakage  of  a  conventional  photodiode  becomes  more 
significant  as  its  dimension  D  is  reduced,  the  lesksge  of  the  LC  device  is 
independent  of  the  active  area  and  depends  only  upon  the  dimensions  and 
spacing  of  the  collectors. 

Relative  values  of  RA  (in  arbitrary  units)  for  the  two  kinds  of 
device  with  typical  dimensions  are  shown  in  Fig.  69.  It  will  be  noted  that, 


■  '  '  "  "T  1  '"T  "  '  ' - p-'T-T-  1 - 1 - 1 - I - 1 -  1  — T 


»- .  I - Lm  ■1  1  1  i  1  i  I  i _ i  i  i  i  i  i  i  I 

10  10*  I03 

D  (/im) 


Fip.  b9  Surface-leakage-limited  RqA  products  for  conventional  and 
lateral-collection  devices. 


-50- 


for  2  rail-square  detectors  and  2  pm-diameter  collectors,  the  leakage  resistance 
of  the  LC  device  is  larger  than  that  of  the  conventional  device,  provided 
that  the  collector  spacing  is  at  least  10  pa.  For  the  2  ail-square  device, 
the  leakage  resistance  of  the  LC  device  1b  at  least  equal  to  that  of  the 
conventional  device,  provided  that 


where  b  and  d  are  in  pa.  For  reasonable  values  of  d,  this  imposes  lower 
limits  upon  b,  and  hence  upon  the  diffusion  length,  L,  since  for  adequate 
collection  we  require  that  approximately 

L  -  b/2  . 

The  lower  limits  upon  L  are: 


d  (pm) 

b  (pm) 

L  (pm) 

1 

*  6 

l  3 

2 

>  9 

>  4 

5 

-  14 

>  7 

»his  restriction  upon  L  is  somewhat  less  severe  than  that  of  L  ^  10  pm  that 
was  imposed  in  the  preceding  analysis  of  devices  without  surface  leakage. 

We  now  consider  a  worse  case,  where  the  RA  of  a  conventional  device 
(either  for  1-5  pm  or  8-12  pm)  la  dominated  by  surface  leakage  at  77K,  but 
is  nevertheless  adequate  for  attainment  of  background -limited  detectivity  at 
that  temperature.  On  wanning  to  some  Intermediate  operating  temperature 
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(e.g.  170K1  RA  for  the  conventional  device  decreases,  while  its  quantum 
efficiency  remain*  almost  constant.  Thus,  the  conventional  device  eventually 
becomes  ’ohuson  noltte-1 imlted .  The  corresonding  LC  device  will  also  be 

background  limited  at  77K  with  a  detectivity  that  is  reduced  from  that  of 

L 

the  conventional  device  by  the  iactor  n  .  !n  this  caae,  reduction  of  the 
background  photon  flux  will  give  similar  Increases  in  the  detectivities 
of  the  conventional  and  I.C  devices.  At  the  intermediate  operating  temperature 
the  RA  of  the  LC  device  may  still  be  limited  by  surface  leakage.  However, 
in  this  case,  if  the  criteria  above  are  met,  this  condition  will  still  give 
s  background- 1 imlted  detectivity. 

We  conclude  that  limitation  of  the  I.C  diode  resistance  by  surface 
leakage  should  not  degrade  the  RA  of  such  a  device  significantly  below  the  maximum 
value  that  is  attained  by  a  conventional  device  with  typical  detector  dimensions, 
fhus,  while  surface  leakage  might  limit  the  improvement  in  the  reduced- 
background  performance  at  77K  that  it  attainable  with  lateral  collection, 
it  would  not  be  expected  to  prevent  the  attainment  of  background-limited 
performance  at  intermediate  operating  temperatures. 

5.1.6  Projected  Detectivity  of  Lateral  Collection  Devlcea  at  3-5  pm 

Butler** J)  has  shown  that  diffused  junctions  in  PbTe  have 

RA  «  exp( E„/2kT ) 

U 

and  has  interpreted  his  results  in  terms  oi  generation  and  recombination 
of  electron-hole  pairs  within  the  depletion  region.  Similar  results  have 
been  obtained  with  Schottky  diodes  made  with  thin  films  of  PbTe  and 
PbSe^^*.  Butler  used  a  model^®*  with  generation-recombination  (g-r) 
centers  at  midgap,  for  which  the  zero-biau  r csistant e-arca  product  is 
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R  A 
o 


2kT 


2 

q  wnt 


Tdcpl.  * 


where  w  Is  the  width  of  the  depletion  region  and  t  .  ,  Is  an  effective 

depl 

lifetime  that  was  found  to  be  about  30  noec. 

The  significance  of  defined  above,  depends  somewhat 

upon  the  details  of  the  model  used.  Here  we  treat  Tdepl  as  a  phenomenological 

parameter  and  fit  to  the  largest  value  of  RqA  (-  2  X  10*  ohmem2)  reported  for 

PbTe  (with  p  *  1  X  10  cm  )  at  77K.^^  This  glvcB  t.  .  %  50  nsec,  in 

aepl 

fair  agreement  with  Butler's  estimate  of  30  ns.  This  approsch  has  previously 

glv-n  good  agreement  with  the  observed  tempersture  dependence  of  both  R  A  and 

o 

D*  for  thin-fllm  PbTe  photodiodes. <2)  Here  we  slightly  modify  the  calculation 
to  estimate  the  g-r-limlted  RqA  and  D*  for  conventional  1V-VI  photodiodes  that 
have  been  band-tailored  for  5.0  pm  cutoff  (E^  -  0.248  cV)  at  their  operating 
temperature. 

Values  of  n^  have  been  calculated  from  the  band-edge  effective 
masses  given  by  Dlmmock's  model  for  Pb1_xSrxTe<20>**nd  the  depletion  layer 
width  has  been  obtained  from  the  approximation  for  a  one-sided  abrupt  Junction 


with  a  static  dielectric  constant  c  *  400  c  . 

s  o 

For  comparison  we  have  calculated  the  dif fusion-limited  R  A  for 

o 

the  abrupt  one-sided  junction  using  the  Shockley  model for  which 


*  At  high  enough  temperatures,  n4  of  PbTe  is  increased  by  a  iontribution  to 
the  density  of  states  from  a  lower-lying  heavy  hole  band.^*'  This  may  be 
neglected  for  T  -  250K  and  p  5  1018  cm"3. 
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R  A 
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J*T  (x\ 

2  2  Id/  • 
q  nt 


where 


D 


kT  p 


and 


5.2  x 


ioV5'2 


c«2V_lBec"1 


in  th*  temperature  range  of  interest.  The  choice  of  t  is  aumewhat  arbitrary. 
Direct  measurements  with  PbQ  8SnQ  2T*  have  given  lifetimes  of  the  order  of 
10  naec  in  the  temperature  range  77-300K  and  we  follow  this  for  the  diffusion- 
limited  RqA.  This  assumption  is  not  likely  to  lend  to  a  large  overestimate 
of  the  diffusion-limited  RqA  of  3.5  pm  devices  because  our  observation  of 
reflectlon-loss-llmlted  quantum  efficiency  in  a  4.1  pa-thick  PbTe  diodP^ 
Implies  that  t  l  5  nsec  in  the  range  80-1 70K. 

The  results  of  these  calculations  are  shown  in  Fig.  70.  The 
resistance-area  product  is  dominated  by  the  g-r  mechanism  at  temperatures 
up  to  about  200K  except  for  carrier  concentrations  less  than  about  3  X  10l/  cm 
where  the  diffusion  mechanism  may  be  significant  for  temperatures  above  about 
170K.  The  corresponding  detectivities  at  X  -  5.0  pm  are  shown  in  Fig.  71. 

Here  the  quantum  efficiency  has  been  assumed  to  be  0.5,  corresponding  approxi¬ 
mately  to  a  typical  reflection  loss  limit  for  a  IV-VI  photodiode.  For  180° 
field  of  view  the  background  limited  detectivity  is  1.3  X  Hi11  cmHz  ‘‘W  1  and 
the  calculated  Johnson-nolae-llmlt  la  equal  to  this  value  in  the  temperature 


Fig.  70  Calculated  RQA  for  5  n»  cutoff  conventional  photodiodes. 
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r.mju  'J-140K  for  hole  concentrations  in  the  3  X  1016  -  1  X  1018  cm"3, 

Hh  e  tcsults  are  In  fair  accord  with  experimental  data  for  conventional 
t  It  I ti—  i  i  la  I  bTe  photodiodes  in  the  range  80-1 70K.^ 

The  estimated  Improvement  in  that  is  obtainable  using 

I  it  oral  collection  is  shown  In  Fig.  72.  Here  we  assume  that  the  minority 

tori  <*r  diffusion  length  (L)  is  10  pm  and  that  the  collector  diameter  is 

1  ti*  o  tlut  the  reduced  radius  (W)  is  0.05.  The  reduced  collector  spacing 

(B)  is  taken  as  0.8  to  correspond  to  the  broad  optimum  in  D*  in  Fig.  67. 

W  tl»  these  assumptions  we  obtain  the  temperature-dependent  Johnson-noiae- 

limited  detectivity  shown  in  Fig.  73.  For  these  calculations  the  surface 

leakage  has  been  neglected,  so  that  the  calculated  values  of  D*  at  77K  under 

reduced  background  may  not  be  attainable.  However,  from  the  analysis  of 

leakage  in  Section  5.1.5  -«s  may  conclude  that  the  predicted  values  of 
11  L 

D*  *  10  cmllzAf  near  200K  are  attainable.  This  opens  up  the  possibility 
that  180  F0V  background-limited  3-5  pm  systems  may  be  operable  with  relatively 
Hinple  four-stage  thermoelectric  coolers. 

5.2  Kxper imental  Results 

5.2.1  The  Diffusion  Length  in  PbSen  Ten 

-  __ ..  _  Us  2 

Much  of  the  analysis  in  Section  5.1  has  been  based  upon  the  assump¬ 
tion  that  the  minority-carrier  diffusion  lengths  in  IV-VI  semiconductors 
would  be  of  the  order  of  10  pm.  Thus, it  is  of  interest  to  note  that  evidence 
for  olicction  over  such  distuiccs  has  been  obtained  with  conventional 
<’bSe^  2  thin-f ilm  photodiodes.  Such  devices  with  3  mil-square  Junctions 
havi  given  500K  blackbody  current  responsivities  at  170K  that  correspond  to 
the  reflection-loss  limit  for  approximately  4  mil-square  active  sreas.^ 

This  implies  that  the  diffusion  length  is  approximately  0.5  mil  (%  10  pm). 
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PIr.  n  calculated  RqA  for  5  u.  cutoff  l.ter.l-collectloo  photodiode.. 
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Calculated  peak  D*  for  5  pa  cutoff  lateral-collection  photodiodea. 


The  lateral  collection  Interpretation  is  confirmed  by  Fig.  74,  which  shows 
flying-spot  scans  for  a  pair  of  such  diodes  with  a  3  mil  space  between  them. 

It  is  evident  that  there  is  substantial  collection  from  the  region  between 
the  diodes  and  that  the  extent  of  the  lateral  collection  increases  an  the 
temperature  is  decreased  from  210K  to  77K. 

5.2.2  Fabrication  of  Literal  Collection  Devices 

In  general,  the  methods  that  were  used  to  make  lateral  collection 
devices  were  based  on  the  delineation  techniques  that  are  described  in 
Sections  4.2.1  and  4.3.1.  Small  collectors  were  made  by  evaporating  Pb 
through  a  matrix  of  holes  in  a  vacuum-deposited  BaF2  insulator.  A  common 
connection  to  the  collectors  was  then  provided  by  the  remainder  of  the  Pb 
layer.  A  schematic  diagram  of  this  arrangment  is  given  in  Fig.  75. 

Nominally  12  mil-square  active  areas  were  obtained  with  arrays 
of  approximately  5  pro-wide  stripe  collectors  on  15  pm  centers.  For  dot 
collectors  the  12  mil-square  active  area  was  occupied  by  a  hexagonal  array  of 
approximately  5  pm-dianeter  dots  on  15  pm  centers.  For  comparison,  conventional 
12  mil -square  diodes  were  made  on  the  name  chip.  This  arrangment  is  shown  in 
Fig.  76.  For  the  nominal  5  pm  line  widths  and  dot  diameters  the  capacitances 
of  the  lateral  collection  devices  are  0.33  and  0.10  of  the  12  mil  control 
diodes.  In  practice,  these  values  vary  somewhat  with  changes  in  the  width 
due  to  variations  in  photoresist  processing.  Thus,  an  increase  of  the  line 
width  from  5  pm  to  7  pm  changes  the  relative  capacitance  of  the  stripe  diodes 
from  0. 33  to  0.47. 

Use  of  1.7  pm-thick  layers  of  Shippley  AZ1350J  resist  permitted 
delineation  of  holes  with  diameters  less  than  5  pm  in  0.3-0. 6  pm-thick  layers 


PbTe  with  BoF 
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Of  BaF2.  figure  77  shows  an  example  of  this  delineation.  However,  lateral 
ollcct ion  diodes  made  in  this  way  usually  showed  much  smaller  current  response 
than  the  12  rail  control  diodes.  This  reduced  response  was  particularly 
marked  with  the  arrays  of  dot  collectors. 

Hying  spot-scans  of  such  lateral  collection  devices  (initially 
provided  bv  NVI.  and  later  confirmed  with  the  Ford  scanner)  showed  that  the 
responses  of  the  small  collectors  were  very  nonuriform.  Typically,  only  a 
fraction  of  the  collectors  within  a  device  showed  current  response.  An 
example  of  this  behavior  is  shown  in  Fig.  78.  The  nonuniform  response 
appears  to  occur  because  the  Pb  layer  at  the  bottom  of  the  hole  in  the 
BaF2  is  frequently  not  connected  to  the  Pb  pad.  Scanning  electron  microscopy 
of  the  photoresist  patterns  revealed  rounded  edges  as  shown  in  Fig.  79. 
Subsequent  vacuum  deposition  of  BaF.,  and  removal  of  the  resist  would  then 

give  holes  with  overhanging  edges  which  would  tend  to  make  the  Pb  layer 
discont inuous. 

At  this  stage  we  do  not  have  a  satisfactory  process  for  making 
the  Pb  layer  continuous.  However,  the  nature  of  the  problem  was  confirmed 
and  la  eral  collection  was  demonstrated  by  overcoating  the  Pb  layer  with 
silver  paint  <#SC12,  Microcircuits  Company,  New  Buffalo,  Michigan).  Figure  80 
shows  spot  scans  of  stripe  and  dot  lateral  collection  devices  together  with  that 
of  a  1?  mil  control  diode.  Before  silver  painting  neither  of  the  lateral 
collection  devices  had  given  significant  current  response.  After  painting, 
the  response  of  the  stripe  device  wae  approximately  equal  to  that  of  the 
control  diode.  Overall,  the  dot  device  attained  about  half  of  the  response 
of  the  cor.trol.  From  Fig.  80  it  is  evident  that  this  device  has  regions 
where  the  dots  give  full  response  and  'others  when  there  is  little  or  no  response. 


■■ 


I 
I 
I 
I 
I 
! 

| 

1 

I 

t 

I 
I 
i 

| 

a 

Fig.  78  Flying  spot  scan  of  an  array  of  dot  collectors  showing  nonuniform 
response.  The  geometry  differs  slightly  from  that  discussed  in 
the  text.  (This  scan  was  supplied  by  NVL.) 
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Fig.  79  Scanning  electron  micrographs  of  photoresist  patterns  prior  to 
deposition  of  the  BaF2  insulator,  showing  rounded  edges.  The 
stripes  and  dots  are  approximately  5  pm  wide. 


Fig.  80  Flying  spot  scans  of  PbSe0>8Te0>2  lateral-collection  devices  at  80K. 

a)  5  ym-wi.de  stripes  on  15  ym  centers 

b)  12  mil-square  conventional  control  diode 

c)  5  ym— diameter  dots  on  15  ym  centers 
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5 '  ? '  H^jaunwntJLof  Prices  with  Stripe  Collector,! 

Tn  the  following  tables  we  present  the  results  of  detailed 

f  tW°  hSe0.8Te0.2  lateral  collection  specimens.  In  each 
ns-  t’.e  stripe  collectors  were  connected  using  silver  paint.  The  semi¬ 
conductor  layer  thicknesses  were  both  about  3  pm.  This  is  somewhat  larger 
than  Un  the  optimur  cases  that  are  discussed  in  Sections  5. 1.1-2,  but 
sat  i.l  ictor\  collection  was  obtained 
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Table  12  -  HK  241-4  at  8_0K 

Thia  specimen  was  made  froa  PbSe.  0Te_  ,  with  thickness  3.0  pirn  and  hole 

17  -3 

concentration  1.5  x  10  ca  .  The  control  diode  had  dimensions  306  pn  x  306  pt 
-4  2 

■  9.36  x  10  ca  and  the  stripe  diode  had  21  nosiinally  5  pat-wide  stripes  on 
15  pa  centers.  The  ratio  of  the  pad  capacitances  leads  to  an  eatliaate  of  8  pa 
for  the  actual  stripe  width.  Heasureaents  were  made  at  8 OK  and  1  kHz  or 
5  kHz  with  10  Hz  bandwidth.  Figs.  81-87  show  the  spectral  detectivity,  the 
C-V  characteristics,  the  diode  delineations  and  flying  spot  scans,  together 
with  extended  data  on  the  teaperature  dependence  of  the  current  responsivity 
and  the  RA  product. 


diode  h  diode  j 

(control)  (stripes) 

Zero-bias  resistance  (ohm] 

3.0  x  104  2.6  x  104 

Background  current  (pA] 

5.54  5.24 

Calc,  noise  ipA] 

4.2  4.1 

AjOOOK)  [AW-1 1 

0.84  0.79 

n(4.9  pa) 

0.81  0.76 

Noise  [pA] 

at  1  kHz 

6.8  5.6 

at  5  kHz 

5.0  4.1 

DM500K)  (caHzV1! 

at  1  kHz 

1.2  x  1010  1.4  x  10l° 

at  5  kHz 

1.6  x  1010  1.9  x  1010 

D*(4.9  pa)  (cbHzST1) 

at  1  kHz 

4.6  x  1010  5.3  x  1010 

at  5  kHz 

6.1  x  1010  7.2  x  1010 

D*(6.0  pa)  (caHz**W  *) 

at  1  kHz 

6.4  x  1010  7.4  x  10l° 

at  5  kHz 

8.5  x  1010  1.01  x  1011 

Zero-bias  capacitance  [pF] 

750  420 

Capacitance  ratio* 

0.53 

*  Allowing  for  50  pF  pad  capacitance 


Table  13  -  KK241-4  at  170K 

The  details  for  this  specimen  are  Riven  in  Table  12.  Measurements  were  made 
170K  with  a  frequency  of  1  kHz  and  with  10  Hz  bandwidth. 


diode  h 
(control ) 

diode  j 
(stripes) 

Zero-bias  resistance  (oh*] 

2.9  x 

103 

3.5  x  103 

Background  current  (pA) 

1.66 

1.58 

Calc,  noise  [nV] 

16.1 

17.4 

^OOOK)  (AW"1] 

0.55 

0.55 

n(5.0  pa) 

0.92 

0.92 

Noise  (nV] 

17.5 

21 

D*(50UK)  (cmHzV1] 

8.8  x 

109 

9.3  x  109 

D* ( 5 . 0  pa)  (callzV1] 

5.9  x 

io10 

6.3  x  1010 

Zero-bias  capacitance  (pF] 

550 

315 

Capacitance  ratio* 

0.53 

*  Allowing  lor  50  pF  pad  capacitance 


0001 


Fig.  83  HK241-4 .  C-V  at  170K 


Fip.  84  HK241-4.  Temperature  dependence  of  (500K) 
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Table  14_^_  HK251-4  at  80K 

This  spec  Inert  was  made  from  PbScrt  _Ten  ,  with  thickness  3.2  wo  and  hole 

^  _  2  "•  *  u«  / 

concentration  3.5  x  10  co  .  Measurements  wcie  made  at  80K  and  1  kHz 
with  10  Hz  bandwidth.  The  specimen  had  two  control  diodes  and  two  stripe 
diodes  with  21  nominally  5  wm-wide  stripes  on  15  wo  centers.  The  control 
dimensions  wer*.  as  given  in  Table  12  and  the  capacitance  ratio  gives  an 
estimate  of  6  wm  for  the  actual  stripe  width.  Figs.  88-93  give  the  spectral 
D*,  spot  scans  and  extended  data  on  resistance,  capacitance  and  current 
rcsponslvity. 


control 

stripes 

diode  d  diode  h 

diode  e  diode  j 

Zero-bias  resistance  [oho] 

3.2  x  105  1.4  x  105 

1.7  x  106  3.9  x  104 

Background  current  [wA] 

3.31  3.32 

2.67  2.90 

Calc,  noise  [pA] 

3.3  3.3 

2.9  3.3 

J* 

✓-v 

v-n 

O 

O 

t: 

i 

*-* 

0.78  0.74 

0.65  0.67 

n(5.3  wm) 

0.74  0.71 

0.62  0.64 

Noise  [pA] 

3.i  3.3 

2.8  3.5 

D*  (500K)  [cmHzV1] 

2.4  x  10lC  2.2  x  1010 

2.2  x  1010  1.9  x  1010 

D*(5.4  wo)  [cmllzHi  *] 

1.00  x  1011  8.9  x  1010 

9.3  x  1070  7.6  x  1010 

Capacitance*  [pF] 

at  zero  bias 

2300  2300 

920 

at.  0.1V  backbias 

1740  1760 

700 

Capacitance  ratio** 

at  zero  bias 

0.39 

at  0.1V  backbias 

0.38 

*  diode  J  became  shorted  before  its  capacitance  could  be  measured 
**  allowing  for  50  pF  pad  capacitance 
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Table  13  -  UK 2 S 1-4  at  170K 

The  detail,  for  thl.  specimen  .re  given  In  Table  14.  Me.aure.ent.  were  made  at 
170K  nnd  990  Hz  with  10  Hz  bandwidth. 


control 

stripes 

diode  d 

diode  h 

diode 

*  diode  J 

Zero-blag  resistance  (oha) 

2.6  x  103 

3.4  x  103 

6.0  x 

103  1.6  x  103 

Background  current  |pAj 

1.09 

1.09 

0.91 

0.93 

Calc,  nol.e  |nV ) 

| 

16.5 

18.9 

25.9 

12.6 

^(500K)  tAW-1) 

n(4.6  p«) 

0.78 

0.63 

0.60 

0.55 

Noise  InV) 

14.5 

17.5 

22.5 

11.5 

D*(500K)  IcaHzV1) 

7.0  x  109 

6.9  x  109 

7.3  x 

109  5.2  x  109 

D*(4.6  pa)  JeaHz\~  J 

4.4  x  1010 

4.4  x  1010 

4.7  x 

1010  3.3  x  1010 

Capacitance*  IpF) 

zero  bias 

1410 

1550 

700 

220 

0.1V  backbla. 

1460 

1460 

630 

590 

Capacitance  ratio** 

zero  bla. 

0.12 

0.1V  backbla. 

0.41 

0.38 

To  lo*dlod.CJV(Cri‘;!',w"“t‘C  “  •n,,“lou•  "e*r  zir>’  bl“-  Thl.  is  particularly 
**  Allowing  for  50  pF  pad  capacitance 
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Fig.  91  HK251-4.  Temperature  dependence  of  J^(SOOK). 
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Fig.  92  HK251-A.  Flying  spot  scans  at  80K. 
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a)  diode  h  -  conventional  12  mil-square  control 

b)  diode  j  -  stripe  collectors 
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5-3  Summary  »>t  Results  for  Lateral  Collection  Devices 

The  Pb(Sc, ic)  lateral  collection  devices  that  have  been  character¬ 
ized  have  shown  capacitances  that  arc  reduced  by  a  factor  of  about  2.5  from 
that  o!  conventional  thln-fllm  devices.  This  capacitance  reduction  has 
been  obtained  without  appreciable  sacrifice  of  quantum  efficiency  or  detectivity 
and  It  has  been  demonstrated  over  the  rather  large  temperature  range  of 
80-240K. 

From  the  spot-scan  results  with  dot  collectors  It  is  evident  that 
significant  further  reduction  in  the  capacitance  would  follow  from  a  successful 
solution  to  the  problem  of  connecting  all  of  the  dots  of  a  lateral  collection 
device.  Tills  would  also  permit  an  experimental  test  of  the  predicted  Increase 
in  the  Johnson-nolse-llmlted  detectivity.  At  present,  the  factor  of  2.5 
decrease  in  the  Junction  area  that  has  been  obtained  with  stripe  collectors 
does  not  give  a  blR  enough  effect  to  permit  conclusions  about  the  scaling 
of  resistance  with  diode  area. 


6.  CONCLUSIONS 


The  two  approaches  that  were  taken  in  this  work  have  both  led 
to  IV-VI  photodiodes  with  substantially  reduced  capacitances.  The  pinched-off 
photodiode  is  particularly  effective  for  PbTc  near  80K,  where  a  capacitance 
reduction  of  up  to  two  orders  of  magnitude  has  been  demonstrated.  Further 
work  is  required  on  four  aspects  of  this  device: 

(i)  Development  of  theoretical  models  and  their  experimental 
verification.  These  are  needed  to  understand  both  the 
collection  mechanism  and  the  transit  time  limitations 
upon  operating  frequency. 

(ii)  Measurements  of  speed  of  response. 

(ill)  Further  reduction  of  the  backblas  noise  to  permit  operation 
in  the  intermediate  temperature  range  (170-200K)  that  is 
accessible  with  thermoelectric  cooling. 

(iv)  Extension  of  the  results  to  other  IV-VI  semiconductors  (such 
as  Pb(Se.Te)  and  (Pb,Sn)Se)  for  intermediate-temperature 
operation  ct  3-5  pm  and  for  80K  operation  at  8-12  pm. 

The  lateral-collection  photodiode  has  been  demonstrated  to  be 
effective  with  PbSeo.gTeo.2  over  the  temperature  range  80-240K.  Here,  the 
demonstrated  capacitance  reduction,  by  about  half  an  order  of  magnitude,  is 

more  modest  than  that  for  the  pinched-off  photodiode.  However,  with  fabrica¬ 
tion  of  optimum  structures  further  improvements  are  to  be  expected  to  give 
at  least  one  order  of  magnitude  less  capacitance  than  a  conventional  IV-VI 
photodiode.  The  optimum  lateral-collection  device  has  the  further  advantage 
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r*ljr  It  is  predicted  to  permit  an  increase  in  the  operating  temperature  from 
chat  i  ..  conventional  device.  Further  work  is  needed  in  the  following  areas: 

(i)  Development  of  fabrication  techniques  for  small  diameter 
('v  1  pm)  collectors. 

(ii)  Experimental  studies  of  the  relationship  between  junction 
area  and  diode  resistance  for  very  small  (<v  1  pm)  diodes. 

(iii)  Extension  of  the  results  from  PbSc  0Te  for  the 

0. o  0.2 

3-5  pm  region  to  Pb(J  9;}Sn0  0?Se  for  the  8-12  pm  region. 
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APPFNDIX  I  -  Calculation  of  the  RLL  Quantum  Efficiency  for  PbTe  Devices 
If  one  assumes  complete  collection  of  photogencrated  minority 
carriers  In  a  thin-film  PbTe  photodiode,  the  quantum  efficiency  is  limited 
only  by  reflection  and  transmission  losses  to* 


n  *  (1  -  R01  |‘><1  -  |  R12 


|2  -  -3|  T  -2) 

nj  *23  }  * 


wliere  the  subscripts  0,  1,  2,  and  3  refer  to  vacuum,  BaK^,  PbTe,  and  Pb, 
respectively,  and  N ^  is  the  complex  refractive  index  of  medium  J, 


NJ  *  nJ  -  lkJ  ‘ 


1  -  Nl 

R01  "  1  +  n2  » 

R  -  (N1  ‘  N2)(N2  +  N3)c^  +  (N1  +  N2)(N2  ‘  N3)e~* 

12  <N!  +  N2)<N2  +  N3)e*  +  <N!  ‘  N2><N2  "  ty*"* 

T23 _ ^ _ 

(Nl  +  N2)(N2  +  N3)e*  *  (N1  "  N2)(N2  "  N3)c~^ 


♦  »  2x1 


where  d  is  the  PbTe  film  thickness  and  is  the  vacuum  wavelength. 

For  BaF2,  refractive  indices  have  been  taken  from  Malitson^22\ 

neglecting  the  small  absorption.  Experimental  values  for  the  real  part 

*  These  calculations  arc  for  normal  incidence.  However,  the  large  refrac¬ 
tive  index  of  PbTe  6)  precludes  large  deviations  from  normal  rays 
within  it  and  the  approach  taken  is  a  reasonable  approximation. 


* 
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(23) 

of  the  PbTe  Index  at  8QK  are  from  Picrioli.  The  Imaginary  part  of  the 

PbTe  Index  Is  from  an  optical  absorption  coefficient  of  the  form  given  by 
(24) 

Washwcll  and  Cuff' 

C(1  +  EC/KA)(EX  -  EC)S 
a<i)  “  1  7  exp  f  (REp  +  K(‘  -  EAf/RkY]  * 


where 

R  •  1  +  'n.v'Vc  ■  2'02  • 

A  A 

and  bl  ,  m  are  the  denslty-of-stntcs  masses  for  the  valence  and 

Uf  V  D » ' 

conduction  bunds;  Ep,  Ec,  and  F.^  arc  the  Fermi,  gap,  and  photon  energies, 
respectively.  The  constant  C  has  been  chosen  to  give  agreement  with 

4  -1 

Piccloli’a  experimental  values  at  large  photon  energies  (o  -  1.5  x  10  cm 

(25) 

at  E^  ■  0.3  eV).  The  optical  constants  of  Pb  are  from  Golovashkin. 

Comparison  with  calculations  made  assuming  perfect  reflection 
from  PbTe/Pb  shows  that  the  main  effect  of  the  imperfectly  reflecting  inter¬ 
face  is  a  shift  of  the  predicted  maxima  to  slightly  longer  wavelengths.  The 
shift  is  too  small  for  experimental  verification  with  the  present  uncertainty 
in  our  film  thickness  measurement  (i  0.03  pm). 

The  calculation  has  been  extended  to  PbTe  Schottky  barrier 
diodes  at  170K.  Here  we  have  retained  80K  values  of  the  real  part  of 
the  PbTe  index*  and  interpolated  the  Pb  constants  from  Colovashkin's 

*  Experimentally  we  find  that  the  absorption  maxima  do  not  shift  significantly 
in  the  range  80-200K,  so  npbTe  is  essentially  temperature-independent  over 
most  of  the  wavelength  range  of  Interest.  The  assumption  may  introduce  a 
small  error  near  the  absorption  edge  where  the  index  tends  to  increase. 


— 
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80K  and  UOK  values.  The  calculation  shows  that  the  only  noticeable  effect 

«f  temperature  upon  the  reflection-loss  Halted  spectral  quantum  efficiency 

arises  from  the  shift  of  the  absorption  edge  due  to  the  change  of  the  bandgap. 
(2) 

Our  previous  work  has  shown  that  the  calculated  RRL  quantum  efficiency 
is  in  respectable  agreement  with  measurements  on  conventional  thin-film 
PbTe  photodiode  at  both  80K  and  170K. 


I 
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API*LS'.)I,\  II  -  Attempt  to  Crow  PhSe^  gTe^  2  w*th  Reduced  Acceptor  Concentration 

An  attcapt  was  made  to  grow  PhSe^  g^*Q  2  l*ycrfl  with  reduced  carrier 
oncent rat  ions  by  adjustment  of  the  flux  from  a  subsidiary  selenium  source. 
Layers  with  thickness  3  pm  were  grown  at  2  pa/hr.  onto  cleaved  BaF^  sub¬ 
strates  (froa  llarshaw)  that  were  held  at  3S0°C.  The  evaporation  rate  from 
the  subsidiary  selenium  source  (at  20  ca  distance)  was  varied  over  almost 
two  orders  of  magnitude.  The  resulting  carrier  concentrations  (from  77K 
Hall  measurements)  are  shown  In  Fig.  94.  As  expected,  the  carrier  type 
changed  from  n  to  p  with  Increase  of  the  Se  flux.  However,  the  change  with 
Se  flux  was  too  abrupt  to  permit  controlled  growth  of  layers  with  p  <  lO^cm-'*. 
Similar  results  (though  with  more  scatter)  were  obtained  with  a  lead  subsi¬ 
diary  source  using  different  batches  of  PbTe  and  PbSe  deposited  at  450°C 
(Fig.  95). 
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